Award  Number:  DAMD1 7-03-1 -01 43 


AD 


TITLE:  Imaging  Primary  Prostate  Cancer  and  Bone  Metastasis 


PRINCIPAL  INVESTIGATOR:  Xiaoyuan  Chen,  Ph.D. 


CONTRACTING  ORGANIZATION:  Leland  Stanford  Junior  University 

Stanford,  CA  94305-4125 


REPORT  DATE:  April  2007 

TYPE  OF  REPORT:  Final 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release; 

Distribution  Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and 
should  not  be  construed  as  an  official  Department  of  the  Army  position,  policy  or  decision 
unless  so  designated  by  other  documentation. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing 
this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202- 
4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently 
valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  (DD-MM-YYYY) 

01-04-2007 


2.  REPORT  TYPE 

Final 


3.  DATES  COVERED  (From  -  To) 

1  Apr  2003 -31  Mar  2007 


4.  TITLE  AND  SUBTITLE 


5a.  CONTRACT  NUMBER 


Imaging  Primary  Prostate  Cancer  and  Bone  Metastasis 


5b.  GRANT  NUMBER 

DAMD 17-03-1 -0143 


5c.  PROGRAM  ELEMENT  NUMBER 


6.  AUTHOR(S) 

Xiaoyuan  Chen,  Ph.D. 

E-Mail:  shawchen@stanford.edu 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Leland  Stanford  Junior  University 
Stanford,  CA  94305-4125 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 


11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 


12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  Public  Release;  Distribution  Unlimited 


13.  SUPPLEMENTARY  NOTES  -  original  document  contains  color  figures 


14.  ABSTRACT 

The  overall  objective  of  the  proposed  research  is  to  develop  positron  emitter  labeled  bombesin  (BBN)  analogs  with  high  affinity  for  the  GRP  receptor  GRPR  for 
microPET  imaging  of  both  androgen  dependent  and  androgen  independent  prostate  cancer  xenografted  mice.  Specific  Aims:  (1)  Design,  synthesize,  and 
characterize  positron  emitting  bombesin  analogs,  labeled  with  copper-64  or  fluorine-1 8;  (2)  Conduct  in  vitro  studies  of  copper-64  and  fluorine-18  labeled 
bombesin  analogs  to  evaluate  the  effect  of  modification  and  radiolabeling  on  the  receptor  binding  affinity  and  specificity;  (3)  Evaluate  in  vivo  efficacy  of  these 
novel  radiopharmaceuticals  in  the  murine  PC-3  and  CWR22  human  prostate  cancer  xenograft  models.  Major  Findings:  In  year  1,  we  labeled  Lys3-BBN  with 
with  64Cu  for  imaging  both  subcutaneous  PC-3  (GRPR+)  and  CWR22  (GRPR-)  tumors.  In  year  2,  we  further  tested  a  series  of  BBN  analogs  and  fully 
characterized  64Cu-DOTA-Aca-BBN(7-14).  In  year  3,  we  labeled  several  BBN  analogs  with  F-18  for  prostate  cancer  imaging.  By  testing  a  series  of  BBN 
analogs,  we  identified  at  least  one  18F-  and  one  64Cu-labeled  bombesin  peptide  tracers  that  can  specifically  localize  to  GRPR  expressing  tumors.  These  new 
peptide  tracers  have  the  potential  to  be  translated  into  clinical  settings  for  lesion  detection  and  quantification  of  GRPR  level. 


15.  SUBJECT  TERMS 

No  subject  terms  provided 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

OF  ABSTRACT 

18.  NUMBER 

OF  PAGES 

19a.  NAME  OF  RESPONSIBLE  PERSON 

USAMRMC 

a.  REPORT 

U 

b.  ABSTRACT 

U 

c.  THIS  PAGE 

u 

uu 

47 

19b.  TELEPHONE  NUMBER  (include  area 
code) 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


Table  of  Contents 


Introduction . 3 

Body . 4 

Key  Research  Accomplishments . 14 

Reportable  Outcomes . 15 

Conclusions . 16 

References . 17 

Appendices . 18 


INTRODUCTION 


Although  gastrin  releasing  peptide  (GRP)  receptors  are  known  to  be  overexpressed  in 
human  neoplastic  prostate  tissues,  little  has  been  published  on  the  development  of 
radiophannaceuticals  for  systemic  evaluation  of  GRP  receptor  agonists  and  antagonists. 
The  overall  objective  of  the  proposed  research  is  to  develop  positron  emitter  labeled 
bombesin  analogs  with  high  affinity  for  the  GRP  receptor  GRPR  for  microPET  imaging 
of  both  androgen  dependent  and  androgen  independent  prostate  cancer  xenografted  mice. 
Specific  Aims:  (1)  Design,  synthesize,  and  characterize  positron  emitting  bombesin 
analogs,  labeled  with  copper-64  or  fluorine- 18;  (2)  Conduct  in  vitro  studies  of  copper-64 
and  fluorine- 18  labeled  bombesin  analogs  to  evaluate  the  effect  of  modification  and 
radiolabeling  on  the  receptor  binding  affinity  and  specificity;  (3)  Evaluate  in  vivo  efficacy 
of  these  novel  radiopharmaceuticals  in  the  murine  PC-3  and  22Rvl  human  prostate 
cancer  xenograft  models. 

We  have  previously  demonstrated  the  feasibility  of  the  PET  imaging  using  64Cu-labeled 
bombesin  (BBN)  analogs  (1,  2).  In  the  3ld  year  and  the  last  year  of  this  funding  period, 
we  further  labeled  both  [Lys3]bombesin  ([Lys3]BBN)  and  aminocaproic  acid- 
bombesin(7-14)  (Aca-BBN(7-14))  with  18F  for  GRPR  imaging  of  subcutaneous  and 
orthotopic  PC-3  tumor  models  with  PET  (3). 
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BODY 


Chemistry  and  Radiochemistry 

F-Fluorination  of  bombesin  analogs  ([Lys  ]BBN  and  Aca-BBN(7-14))  were  achieved 
via  A'  - s u c c i n  i m i d y  1  - 4 - 1  x F - H u o r o b c n z o a t c  (18F-SFB)  (Figure  1).  Starting  with  1SF-F”  in 
Kryptolix  2.2.2./K2CO3  solution,  the  total  reaction  time,  including  final  HPLC 
purification,  was  about  150  ±  20  min.  The  overall  radiochemical  yield  with  decay 
correction  was  3 1.4%  ±  4.6%  (n  =  12).  The  radiochemical  purity  of  the  labeled  peptides 
was  >98%  according  to  analytic  HPLC.  The  specific  activity  of  F-SFB  was  estimated 
by  radio-HPLC  to  be  200-250  TBq/mmol.  18F-FB-[Lys3]BBN  and  18F-FB-Aca-BBN(7- 
14)  were  well  separated  from  [Lys3]BBN  and  Aca-BBN(7-14),  respectively,  rendering 
the  specific  activity  of  these  2  PET  tracers  virtually  the  same  as  that  of  F-SFB. 


[18F]FB-[Lys3]BBN 


Figure  1.  Schematic  structures  of  18F-FB-Aca-BBN(7-14)  and  l8F-FB-[Lys3]BBN. 

In  Vitro  Receptor-Binding  Assay 

The  binding  affinities  of  [Lys3]BBN,  Aca-BBN(7-14),  FB-[Lys3]BBN,  and  FB-Aca- 
BBN(7-14)  for  GRPR  were  evaluated  for  PC-3  cells  (Figure  2).  Results  of  the  cell¬ 
binding  assay  were  plotted  in  sigmoid  curves  for  the  displacement  of  125I-[Tyr4]BBN 
from  PC-3  cells  as  a  function  of  increasing  concentration  of  bombesin  analogs.  The  IC50 
values  were  determined  to  be  3.3  ±  0.4  nmol/L  for  [Lys3]BBN,  20.8  ±  0.3  nmol/L  for 
Aca-BBN(7-14),  5.3  ±  0.6  nmol/L  for  FB-[Lys3]BBN,  and  48.7  ±0.1  nmol/L  for  FB- 
Aca-BBN(7-14)  on  1  x  105  PC-3  cells.  [Lys3]BBN  with  the  full  sequence  of  the 
bombesin  peptide  is  substantially  more  potent  than  Aca-BBN(7-14)  with  the  truncated 
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sequence.  Coupling  of  the  fluorobenzoyl  group  had  a  minimal  effect  on  the  binding 
affinity  for  both  compounds. 


■  [19F]FB-Aca-BBN(7-14)  O  Aca-BBN(7-14) 

Figure  2.  In  vitro  cell  binding  assays  of  [Lys3]BBN,  [19F]FB-[Lys3]BBN,  Aca-BBN(7-14) 
and  [l9F]FB-Aca-BBN(7-14)  in  PC-3  cell  line  using  l2ffi[Tyr4]BBN  as  radioligand.  Data 
were  presented  as  the  average  of  two  independent  experiments  with  triplicates. 

Internalization  and  Efflux  Studies 

The  results  for  the  internalization  of  both  tracers,  18F-FB-[Lys3]BBN  and  18F-FB-Aca- 
BBN(7-14),  are  shown  in  Figure  3A.  For  both  tracers,  internalization  occurred  during  5 

min  of  incubation  after  the  preincubation  step:  51%  for  F-FB-[Lys  ]BBN  and  58%  for 

18 

F-FB-Aca-BBN(7-14),  respectively.  After  approximately  15  min  of  incubation, 

18  3 

internalization  of  both  tracers  reached  a  maximum  (85%  for  F-FB-[Lys  ]BBN  and  60% 
for  F-FB-Aca-BBN(7-14))  and  then  decreased  slowly  through  120  min  of  incubation 
(61%  for  18F-FB-[Lys3]BBN  and  50%  for  18F-FB-Aca-BBN(7-14)  at  120  min).  When 
blocked  with  200  pmol/L  of  [Tyr4]BBN,  the  nonspecific  uptake  for  both  tracers  was 
<10%  over  the  incubation  period  (data  not  shown). 

Efflux  studies  were  performed  for  up  to  3  h  of  incubation  to  further  characterize  both 
tracers  (Figure  3B).  18F-FB-[Lys3]BBN  and  18F-FB-Aca-BBN(7-14)  tracers  exhibited 
similar  efflux  curves.  After  30  min  of  incubation,  approximately  54%  of  F-FB- 
[Lys  ]BBN  had  effluxed  out  of  the  cells.  At  the  end  of  the  3-h  incubation  period, 
approximately  77%  of  the  radiotracer  had  effluxed.  For  F-FB-Aca-BBN(7-14)  tracer, 
after  30  min  of  incubation,  approximately  39%  of  the  radioactivity  effluxed  out  of  the 
PC-3  cells  and,  after  3  h  of  incubation,  approximately  83%  of  the  radioactivity  had 
effluxed.  The  efflux  rate  of  18F-FB-Aca-BBN(7-14)  is  faster  than  that  of  18F-FB- 
[Lys3]BBN,  which  might  be  due  to  the  lower  affinity  of  18F-FB-Aca-BBN(7-14)  for  the 
GRPR  than  F-FB-[Lys  ]BBN,  as  detennined  from  the  in  vitro  cell-binding  assay. 
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1 8 

Figure  3.  Comparison  of  the  internalization  (A)  and  efflux  (B)  rate  of  [  F]FB- 
[Lys3]BBN  (•)  and  [18F]FB-Aca-BBN(7-14)  (o)  using  PC-3  cells.  Data  are  from  two 
experiments  with  triplicate  samples  and  expressed  as  mean  ±  SD. 

Bio  distribution 

Biodistribution  of  18F-FB-[Lys3]BBN  and  18F-FB-Aca-BBN(7-14)  was  evaluated  in 
athymic  nude  mice  bearing  subcutaneous  PC-3  tumors.  The  results  were  shown  in  Figure 
4.  For  18F-FB-[Lys3]BBN  (Figure  4A),  the  tumor  uptake  was  5.94  ±  0.78  %ID/g  at  60  min 
after  injection,  which  decreased  to  0.50  ±  0.1 1  %ID/g  in  the  presence  of  a  blocking  dose 
of  [Tyr4]BBN  (10  mg/kg  mice  body  weight).  [Tyr4]BBN  was  also  able  to  substantially 
reduce  the  activity  accumulation  in  the  pancreas,  intestines,  and  kidneys,  demonstrating 
that  these  organs  are  also  GRPR  positive.  Increased  uptake  in  the  lung,  liver,  and  spleen 
was  observed.  For  18F-FB-Aca-BBN(7-14)  (Figure  4B),  the  tumor  uptake  (0.43  ± 
0.18  %ID/g  at  60  min  after  injection)  was  more  than  one  order  of  magnitude  lower  than 
that  for  18F-FB-[Lys3]BBN.  A  blocking  dose  of  [Tyr4]BBN  decreased  the  uptake  of  1SF- 
FB-Aca-BBN(7-14)  in  the  tumor,  pancreas,  and  intestines,  whereas  the  uptake  in  the  liver, 
kidneys,  and  lung  was  increased.  Tumor- to-nontarget  ratios  of  F-FB-[Lys  ]BBN  were 
significantly  higher  than  those  of  F-FB-Aca-BBN(7-14)  for  all  organs  and  tissues 
examined  (P  <  0.001)  (Figure  4C). 
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Figure  4.  Biodistribution  of  18F-FB-[Lys3]BBN  (A)  and  18F-FB-Aca-BBN(7-14)  (B)  in 
male  athymic  nude  mice  bearing  subcutaneous  PC-3  tumors.  Mice  were  injected 
intravenously  with  370  kBq  of  radioligand  with  or  without  the  presence  of  [Tyr4]BBN  at 
10  mg/kg  mice  body  weight  and  euthanized  at  60  min  after  injection.  (C)  Tumor-to- 
nontarget  ratios  of  2  radiotracers  resulting  from  the  biodistribution  are  also  shown.  Data 
are  presented  as  mean  %ID/g  ±  SD  (n  =  3). 
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Dynamic  microPET  Imaging  of  Subcutaneous  PC-3  Tumor  Model 

The  dynamic  microPET  scans  were  perfonned  on  the  subcutaneous  PC-3  tumor  model 
with  18F-FB-[Lys3]BBN  and  18F-FB-Aca-BBN(7-14).  Selected  coronal  images  at 
different  time  points  after  administration  of  the  appropriate  tracers  are  shown  in  Figure  5 
for  comparison.  Tumor  contrast  was  observed  as  early  as  10  min  after  injection  for  both 
radiotracers.  The  tumor  uptake  of  18F-FB-[Lys3]BBN  was  3.50,  3.68,  and  2.61  %ID/g  at 
10,  30,  and  60  min  after  injection,  respectively.  The  tumor-to-contralateral  background 
(muscle)  ratio  was  3.95  at  60  min  after  injection  Time-activity  curves  derived  from  the 
60-min  dynamic  microPET  scan  showed  that  18F-FB-[Lys3]BBN  was  excreted 
predominantly  through  the  renal  route  (Figure  6A).  Liver  had  low  initial  uptake  (5.15 
%ID/g  at  5  min  after  injection)  and  the  radioactivity  was  also  washed  out  rapidly  (1.75 
%ID/g  at  1  h  after  injection).  The  activity  accumulation  in  the  kidneys  was  moderately 
low  at  early  time  points  (4.85  %ID/g  at  5  min  after  injection)  but  rapidly  increased  to 
47.00  %ID/g  at  50  min  after  injection  followed  by  a  steep  decline  afterward  (28.49  %ID/g 
at  60  min  and  1.01  %ID/g  at  2h  after  injection).  Compared  with  18F-FB-[Lys3]BBN,  18F- 
FB-Aca-BBN(7-14)  had  a  significantly  lower  tumor  uptake,  which  corroborates  the 

1  o 

biodistribution  results  obtained  from  direct  tissue  sampling.  The  tumor  uptake  of  F-FB- 
Aca-BBN(7-14)  was  0.92,  0.71,  and  0.78  %ID/g  at  10,  30,  and  60  min  after  injection, 
respectively.  Liver  had  low  uptake  at  all  time  points  (1.35,  3.29,  and  1.75  %ID/g  at  5,  25, 
and  60  min  after  injection,  respectively).  The  activity  accumulation  in  the  kidneys  was 
also  low  at  early  time  points  (4.77  %ID/g  at  5  min  after  injection)  but  increased  to  11.19 
%ID/g  at  45  min  after  injection  and  remained  steady  over  the  remaining  dynamic  scan 
period.  Figure  5C  shows  the  transaxial  microPET  images  of  PC-3  tumor-bearing  mice  at 
1  h  after  administration  of  F-FB-[Lys  ]BBN,  with  and  without  coinjection  of  10  mg/kg 
[Tyr4]BBN.  The  blocking  reduced  the  tumor  uptake  to  0.58  %ID/gat  1  h  after  injection, 
4-  to  5-fold  lower  than  that  of  the  control  animals. 
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Figure  5.  microPET  images  of  athymic  nude  mice  bearing  PC-3  tumor  on  the  right 
shoulder.  Coronal  images  (decay  corrected  to  time  of  tracer  injection)  were  collected  at 
multiple  time  points  after  injection  of  18F-FB-[Lys3]BBN  (A)  or  18F-FB-Aca-BBN(7-14) 
(B)  (370  kBq/mouse).  (C)  Transaxial  microPET  images  of  PC-3  tumor-bearing  mice  at  1 
h  after  tail  vein  injection  of  3.7  MBq  of  F-FB-[Lys  ]BBN  in  absence  (Control)  and 
presence  (Block)  of  coinjected  blocking  dose  of  [Try4]BBN  (10  mg/kg  mice  body 
weight).  Tumors  are  indicated  by  white  arrows  in  all  cases. 
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Figure  6.  Time-activity  curves  of  18F-FB-[Lys3]BBN  (A)  and  18F-FB-Aca-BBN(7-14) 
(B)  derived  from  60-min  dynamic  microPET  scans.  ROIs  are  shown  for  PC-3  tumor, 
liver,  muscle,  and  kidney. 

Metabolism  of18F-FB-[Lys3JBBN 

The  metabolic  stability  of  18F-FB-[Lys3]BBN  was  determined  in  mouse  blood,  urine,  liver, 
kidney,  and  tumor  homogenates  at  60  min  after  injection  The  extraction  efficiencies  were 
61.4%  for  the  blood,  95.0%  for  the  liver,  91.1%  for  the  kidneys,  and 97.8%  for  the  PC-3 
tumor,  respectively.  The  elution  efficiencies  of  the  soluble  fractions  were  44.4%  for  the 
blood,  39.8%  forthe  liver,  41.5%  for  the  kidneys,  and  95.5%  for  the  PC-3  tumor.  HPLC 
analysis  results  of  the  acetonitrile-eluted  fractions  are  shown  in  Figure  7.  The  average 
fraction  of  intact  tracer  was  between  0.7%  and  47.2%  (Table  1).  Incubation  of  F-FB- 
[Lys  ]BBN  directly  with  tissue  and  organ  homogenates  revealed  that  the  extraction 
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efficiency  was  >90%  in  all  cases,  except  for  the  liver,  for  which  the  extraction  efficiency 
was  only  67.7%.  The  elution  efficiency  was  also  >90%  for  all  samples  tested.  Although 
we  did  not  identify  the  composition  of  the  metabolites,  we  found  that  all  metabolites 
came  off  the  HPLC  column  earlier  than  those  for  the  parent  compound.  No  defluoridation 
of  F-FB-[Lys  JBBNwas  observed  as  no  visible  bone  uptake  was  observed  in  any  of  the 
microPET  scans. 

TABLE  1.  Extraction  Efficiency  and  Elution  Efficiency  Data  and  HPLC  Analysis  of  the 
Soluble  Fraction  of  Tissue  Samples  at  60  min  Postinjetcion 


Blood 

Urine 

Liver 

Kidney 

Extraction  efficiency  (%) 

Unsoluble  fraction  a 

38.6 

n.d. c 

5.0 

8.9 

Soluble  fraction  b 

61.4 

n.d. 

95.0 

91.1 

Elution  efficiency  (%) 

Non-retained  fraction  d 

52.5 

n.d. 

55.3 

57.1 

Wash  water  e 

3.2 

n.d. 

4.9 

1.4 

Acetonitrile  eluent  ^ 

44.4 

n.d. 

39.8 

41.5 

_ HPLC  analysis  (%) _ 

Intact  tracer  19.7  0.7  8.4  3.2 

a  Amount  of  activity  retained  in  the  pellets;  b  Amount  of  activity  extracted  to  the  PBS 
solution;  c  Not  determined;  d  Amount  of  activity  which  could  not  be  trapped  on  the  Ci8 
cartridge;  e  Amount  of  activity  eluted  from  the  Cis  cartridge  by  2  mL  of  water; /  Amount 
of  activity  eluted  from  the  Cis  cartridge  by  2  mL  of  acetonitrile  with  0.1%  TFA. 
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Figure  7.  HPLC  profiles  of  soluble  fractions  of  blood,  urine,  liver,  kidney,  and  tumor 
homogenates  collected  at  1  h  after  injection  of  F-FB-[Lys  ]BBN  to  a  male  athymic  PC- 
3  tumor-bearing  nude  mouse.  As  a  comparison,  the  HPLC  profile  of  intact  tracer 
(Standard)  is  also  shown. 

PET  and  CT  Imaging  of  Orthotopic  PC-3  Tumor  Model 

We  also  evaluated  F-FB-[Lys  ]BBN  in  orthotopic  PC-3  tumor-bearing  mice.  The 
representative  microPET  images  shown  in  Figure  8 A  were  at  17  min  after  injection.  The 
orthotopic  tumor  uptake  was  calculated  to  be  2.07  %ID/g  from  microPET  imaging,  which 
is  somewhat  lower  than  that  of  subcutaneous  PC-3  tumor  (3.74  %ID/g  at  17  min  after 
injection).  Dynamic  scans  indicated  that  the  tumor  was  clearly  visualized  between  10  and 
30  min,  after  which  a  significant  amount  of  urinary  bladder  activity  interferes  with  the 
tumor  delineation.  The  presence  of  the  well-established  tumor  grown  in  the  prostate  gland 
was  confirmed  by  microCT  without  a  contrast  agent  (Figure  8A).  Good  visual  agreement 
after  registration  was  obtained  in  all  sagittal,  coronal,  and  transaxial  images  (Figure  8  A). 
The  registration  is  focused  on  the  tumor  region  and  did  not  use  markers  that  can  be 
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shifted  or  displaced.  The  whole  registration  procedure  took  <15  min  on  a  standard 
personal  computer,  as  the  narrow-band  approach  used  is  a  compact  representation  of  a 
structure  where  only  pixels  close  to  the  structure  boundaries  are  considered.  Both 
subcutaneous  and  orthotopic  PC-3  tumor  tissues  were  also  resected  for  histology  to  verify 
the  characterization  of  tumors  ex  vivo.  The  hematoxylin-eosin  staining  results  (Figure  8B) 
of  both  PC-3  tumors  showed  similar  morphology  characteristic  of  cancer  cells. 


MicroCT  MicroPET  MicroPET/MicroCT 


Orthotopic 


Subcutaneous 


Figure  8.  (A)  microPET  and  microCT  visualization  of  orthotopic  PC-3  tumor. 
Representative  transverse,  coronal,  and  sagittal  images  that  contain  the  tumor  at  17  min 
after  injection  of  3.7  MBq  of  F-FB-[Lys  ]BBN  are  shown.  The  tumor  grown  in  mouse 
prostate  gland  is  confirmed  by  microCT  scan  without  contrast  agent.  Coregistration  of 
microPET  (slice  thickness,  1.2  mm)  and  microCT  (slice  thickness,  80  pm)  is 
accomplished  by  using  a  narrow-band  approach  without  the  need  for  fiducial  markers.  (B) 
Hematoxylin-eosin  staining  (x400)  of  subcutaneous  (left)  and  orthotopic  (right)  PC-3 
tumor  tissues. 
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KEY  ACCOMPLISHMENTS 


•  We  synthesized  a  series  of  bombesin  analogs  and  labeled  the  peptides  with 
positron  emitters  F-18  (ti/2  =  109.7  min)  and  Cu-64  (ti/2  =  12.7  h); 

•  We  performed  in  vitro  characterization  of  these  peptide  tracers  (receptor  binding, 
cell  uptake/efflux)  and  found  that  bioconjugation  and  radiolabeling  had  minimal 
effect  on  the  gastrin  releasing  peptide  receptor  (GRPR)  binding  affinity  and 
specificity  of  the  tracers; 

•  We  evaluated  the  metabolic  stability  of  the  newly  developed  radiotracers  and 
found  that  these  peptide  tracers  are  relatively  unstable  in  vivo; 

•  We  also  tested  both  l8F-  and  64Cu-labeled  BBN  peptides  in  subcutaneous  prostate 
cancer  models  and  confirmed  the  ability  of  suitably  labeled  BBN  analogs  for 
prostate  cancer  imaging  and  GRP  receptor  visualization; 

•  We  also  tested  F-FB-[Lys  ]BBN  in  orthotopic  PC-3  tumor  model  and  correlated 
the  PET  images  with  CT  scans  and  found  that  at  early  time  points  18F-FB- 
[Lys  ]BBN  specifically  accumulates  in  the  prostate  cancer  without  interference 
from  the  urine  activity. 
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CONCLUSIONS 


In  conclusion,  we  have  successfully  achieved  all  three  goals  listed  in  the  original  proposal. 
By  testing  a  series  of  BBN  analogs,  we  identified  at  least  one  18F-  and  one  64Cu-labeled 
bombesin  peptide  tracers  that  can  specifically  localize  to  gastrin  releasing  peptide 
receptor  (GRPR)  expressing  tumors.  These  new  peptide  tracers  have  the  potential  to  be 
translated  into  clinical  settings  in  healthy  volunteers  for  defining  tracer  biodistribution, 
stability,  phannacokinetics  and  radiation  dosimetry  and  in  cancer  patients  for  lesion 
detection  and  quantification  of  GRPR  level. 
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microPET  and  Autoradiographic  Imaging 
of  GRP  Receptor  Expression  with 
64Cu-DOTA-[Lys3]Bombesin  in  Human 
Prostate  Adenocarcinoma  Xenografts 

Xiaoyuan  Chen,  PhD;  Ryan  Park,  BS;  Yingping  Hou,  MD;  Michel  Tohme,  MS;  Antranik  H.  Shahinian,  BS; 
James  R.  Bading,  PhD;  and  Peter  S.  Conti,  MD,  PhD 

PET  Imaging  Science  Center,  University  of  Southern  California  Keck  School  of  Medicine,  Los  Angeles,  California 


Overexpression  of  gastrin-releasing  peptide  (GRP)  receptor 
(GRPR)  in  both  androgen-dependent  (AD)  and  androgen- 
independent  (Al)  human  neoplastic  prostate  tissues  provides 
an  attractive  target  for  prostate  cancer  imaging  and  therapy. 
The  goal  of  this  study  was  to  develop  64Cu-radiolabeled  GRP 
analogs  for  PET  imaging  of  GRPR  expression  in  prostate  cancer 
xenografted  mice.  Methods:  [Lys3]bombesin  ([Lys3]BBN)  was 
conjugated  with  1 ,4,7,10-tetraazadodecane-A/,A/',A/",/V"'-tet- 
raacetic  acid  (DOTA)  and  labeled  with  the  positron-emitting 
isotope  64Cu  (half-life  =  12.8  h,  19%  (3+).  Receptor  bind¬ 
ing  of  DOTA-[Lys3]BBN  and  internalization  of  64Cu-DOTA- 
[Lys3]BBN  by  PC-3  prostate  cancer  cells  were  measured. 
Tissue  biodistribution,  microPET,  and  whole-body  autoradio¬ 
graphic  imaging  of  the  radiotracer  were  also  investigated  in 
PC-3  (AI)/CRW22  (AD)  prostate  cancer  tumor  models.  Re¬ 
sults:  A  competitive  receptor-  binding  assay  using  125l- 
[Tyr4]BBN  against  PC-3  cells  yielded  a  50%  inhibitory  con¬ 
centration  value  of  2.2  ±  0.5  nmol/L  for  DOTA-[Lys3]BBN. 
Incubation  of  cells  with  the  64Cu-labeled  radiotracer  showed 
temperature-  and  time-dependent  internalization.  At  37°C, 
>60%  of  the  tracer  was  internalized  within  the  first  15  min 
and  uptake  remained  constant  for  2  h.  Radiotracer  uptake 
was  higher  in  Al  PC-3  tumor  (5.62  ±  0.08  %ID/g  at  30  min 
after  injection,  where  %  I D/g  is  the  percentage  of  injected 
dose  per  gram)  than  in  AD  CWR22  tumor  (1 .75  ±  0.05  % ID/g 
at  30  min  after  injection).  Significant  accumulation  of  the 
activity  in  GRPR-positive  pancreas  was  also  observed 
(10.4  ±  0.15  %ID/g  at  30  min  after  injection).  Coinjection  of  a 
blocking  dose  of  [Lys3]BBN  inhibited  the  activity  accumula¬ 
tion  in  PC-3  tumor  and  pancreas  but  not  in  CWR22  tumor. 
microPET  and  autoradiographic  imaging  of  64Cu-DOTA- 
[Lys3]BBN  in  athymic  nude  mice  bearing  subcutaneous  PC-3 
and  CWR22  tumors  showed  strong  tumor-to-background 
contrast.  Conclusion:  This  study  demonstrates  that  PET  im¬ 
aging  of  64Cu-DOTA-[Lys3]BBN  is  able  to  detect  GRPR-pos¬ 
itive  prostate  cancer. 
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A 

m.  high-resolution  and  high-sensitivity  nuclear  medicine 
technique  using  radiopharmaceuticals  that  depict  physio¬ 
logic,  metabolic,  and  molecular  processes  in  vivo  is  PET. 
The  most  widely  used  agent  is  18F-FDG,  which  accumulates 
in  cells  that  have  an  increased  metabolism  due  to  increased 
need  for  or  an  inefficient  glucose  metabolism,  such  as 
cancer.  Although  18F-FDG  PET  has  been  shown  to  effec¬ 
tively  detect  many  types  of  primary  tumors  and  metastases, 
it  is  not  able  to  reliably  differentiate  benign  hyperplasia  and 
prostate  cancer  (7)  or  even  to  detect  organ-confined  carci¬ 
noma  (2).  Uptake  of  18F-FDG  in  prostate  carcinoma  is 
generally  low,  apparently  because  the  glucose  utilization  of 
prostate  carcinoma  cells  is  not  enhanced  significantly,  com¬ 
pared  with  that  of  normal  cells,  to  allow  delineation  of  the 
tumor  on  the  PET  scan.  Recent  investigations  of  nC-labeled 
(3,4)  and  18F-labeled  (5-8)  choline  and  nC-acetate  (9-12) 
indicate  that  these  agents  hold  promise  in  this  disease.  High 
expression  of  receptors  on  prostate  cancer  cells,  as  com¬ 
pared  with  normal  prostate  tissue  and  peripheral  blood  cells, 
provides  the  molecular  basis  for  using  radiolabeled  receptor 
agonists  or  antagonists  to  visualize  prostate  tumors  in  nu¬ 
clear  medicine.  18F-Labeled  androgens  have  been  used  to 
identify  androgen-positive  tissue  in  primates  (13).  Although 
this  method  is  useful  in  determining  if  prostate  cancer  is 
hormone  dependent,  it  does  not  provide  a  means  for  detect¬ 
ing  tumors  that  are  hormone  independent.  Thus,  new  mark¬ 
ers  that  are  able  to  identify  the  molecular  determinants  of 
prostate  cancer  development  and  progression  regardless  of 
androgen  dependence  need  to  be  investigated. 

The  G  protein- coupled  gastrin-releasing  peptide  (GRP) 
receptor  (GRPR)  mediates  the  diverse  actions  of  mamma¬ 
lian  bombesin  (BBN)-related  peptide,  GRP.  In  addition  to 
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its  natural  presence  in  the  central  nervous  system  and  pe¬ 
ripheral  tissues,  GRPR  is  overexpressed  in  several  neuroen¬ 
docrine  tumors,  including  prostate  cancer  (14,15).  In  vitro 
receptor  autoradiography  of  human  nonneoplastic  and  neo¬ 
plastic  prostate  tissue  sections  with  l25I-[Tyr4]BBN  as  ra¬ 
dioligand  indicated  high  density  of  GRPR  in  well-differen¬ 
tiated  carcinomas  as  well  as  bone  metastases,  but  little  or  no 
GRPR  was  found  in  hyperplastic  prostate  and  glandular 
tissue.  This  suggests  that  GRPR  may  be  an  indicator  of  early 
molecular  events  in  prostate  carcinogenesis  and  may  be 
useful  in  differentiating  prostate  hyperplasia  from  neoplasia 
(14,15).  GRPR-specific  binding  of  l25I-[Tyr4]BBN  was  ob¬ 
served  in  human  prostate  cancer  cell  lines  that  are  androgen 
independent  (AI)  but  not  in  those  that  are  androgen  depen¬ 
dent  (AD)  (16).  GRP  promotes  the  growth  and  invasiveness 
of  prostate  cancer  in  vitro,  and  its  secretion  in  vivo  by 
endocrine  cells  is  thought  to  be  partially  responsible  for  AI 
progression  of  the  disease  (17)  by  transactivation  and  up- 
regulation  of  epidermal  growth  factor  receptors  (18).  There¬ 
fore,  the  use  of  GRPR  antagonists  or  GRPR-targeting 
cytotoxic  peptide  conjugates  could  be  an  effective  chemo¬ 
therapeutic  approach  (19).  In  nuclear  medicine,  suitably 
radiolabeled  BBN  analogs  have  great  potential  for  early 
noninvasive  diagnosis  as  well  as  radiotherapy  of  prostate 
cancer  (20,21). 

y-Emitting  99mTc-labeled  BBN  analogs  have  been  syn¬ 
thesized  and  evaluated  in  vivo  in  normal  mice  (22,23)  and 
PC-3  tumor-bearing  mice  (24,25)  and  have  undergone  fea¬ 
sibility  testing  in  human  patients  (21).  Although  y -emitters 
currently  are  more  readily  available  relative  to  positron- 
emitting  radionuclides  ((3+),  the  sensitivity  of  PET  is  at  least 
1-2  orders  of  magnitude  better  than  that  of  single  photon 
imaging  systems  (26).  The  acquisition  of  higher  count  sta¬ 
tistics  permits  detection  of  smaller  tumors  for  a  given 
amount  of  radioactivity. 

Recently,  Rogers  et  al.  (27)  labeled  DOTA-Aoc-BBN(7- 
14)  (Aoc  is  8-aminooctanoic  acid)  with  64Cu  and  applied 
this  radiotracer  to  subcutaneous  PC-3  xenografts.  Although 
the  tumor  was  well  visualized,  the  sustained  blood  concen¬ 
tration  and  persistent  liver  and  kidney  retention  limited 
potential  clinical  application  of  this  tracer.  In  the  present 
work,  we  evaluated  the  DOTA-[Lys3]BBN  conjugate 
(DOTA  is  1 ,4,7, 1 0-tetraazadodccane-/V,/V',/V",/V"'-tetra- 
acetic  acid)  complexed  with  64Cu  for  in  vitro  receptor¬ 
binding  assay  in  PC-3  cells,  for  tumor  targeting  and  in  vivo 
kinetics  by  direct  tissue  sampling,  and  for  visualization  of 
prostate  cancer  tumors  by  microPET  and  whole -body  auto¬ 
radiography. 

MATERIALS  AND  METHODS 

Chemistry  and  Radiochemistry 

[Lys3]BBN  (American  Peptide,  Inc.)  was  conjugated  with 
DOTA  via  in  situ  activation  and  coupling.  Typically,  DOTA, 
l-ethyl-3-[3-(dimethylamino)propyl]carbodiimide  (EDC),  and  N- 
hydroxysulfonosuccinimide  (SNHS)  at  a  molar  ratio  of  DOTA: 
EDC:SNHS  =  10:5:4  were  mixed  and  reacted  at  4°C  for  30  min 


(pH  =  5.5).  The  sulfosuccinimidyl  ester  of  DOTA  (DOTA-OSSu) 
prepared  without  purification  was  then  reacted  with  [Lys3]BBN  in 
a  theoretic  stoichiometry  of  5:1  and  allowed  to  stand  at  4°C 
overnight  (pH  8.5-9. 0).  The  DOTA-[Lys3]BBN  conjugate  was 
then  purified  by  semipreparative  high-performance  liquid  chroma¬ 
tography  (HPLC)  using  a  Waters  515  chromatography  system  with 
a  Vydac  protein  and  peptide  column  (218TP510;  5  pan,  250  X  10 
mm).  The  flow  was  3  mL/min,  with  the  mobile  phase  starting  from 
95%  solvent  A  (0.1%  trifluoroacetic  acid  [TFA]  in  water)  and  5% 
solvent  B  (0.1%  TFA  in  acetonitrile)  (0-2  min)  to  35%  solvent  A 
and  65%  solvent  B  at  32  min.  The  peak  containing  the  DOTA 
conjugate  was  collected,  lyophilized,  and  dissolved  in  H20  at  a 
concentration  of  1  mg/mL  for  use  in  radiolabeling  reactions.  An¬ 
alytic  HPLC  was  performed  on  the  same  pump  system  using  a 
Vydac  218TP54  column  (5  pm,  250  X  4.6  mm)  and  flow  rate  of 

1  mL/min. 

MCu  was  produced  on  a  CS-15  biomedical  cyclotron  at  Wash¬ 
ington  University  School  of  Medicine.  The  DOTA-[Lys3]BBN 
conjugate  was  labeled  with  64Cu  by  addition  of  37-185  MBq  (1-5 
mCi)  S4Cu  (2-5  pg  DOTA-[Lys3]BBN  conjugate  per  MBq  64Cu) 
in  0.1N  NaOAc  (pH  5.5)  buffer  followed  by  a  45-min  incubation 
at  50°C.  The  reaction  was  terminated  by  adding  5  pL  of  10 
nnnol/L  ethylenediaminetetraacetic  acid  solution,  and  radio¬ 
chemical  yield  was  determined  by  radio-TLC  (TLC  =  thin-layer 
chromatography)  using  Whatman  MKC18F  TLC  plates  as  the 
stationary  phase  and  70:30  MeOH:10%  NaOAc  as  the  eluent. 
64Cu-DOTA-RGD  was  purified  on  a  Ci«  SepPak  cartridge,  using 
85%  ethanol  as  the  elution  solvent.  Radiochemical  purity  was 
determined  by  radio-TLC  or  radio-HPLC.  The  ethanol  was  evap¬ 
orated  and  the  activity  was  reconstituted  in  phosphate-buffered 
saline  and  passed  through  a  0.22-pm  Millipore  filter  into  a  sterile 
multidose  vial  for  in  vitro  and  animal  experiments. 

In  Vitro  Receptor-Binding  Studies 

In  vitro  GRPR-binding  affinities  and  specificities  of  the  DOTA- 
[Lys3]BBN  conjugate  were  assessed  via  displacement  cell-binding 
assays  using  125I-[Tyr4]BBN  (Perkin-Elmer  Life  Sciences  Prod¬ 
ucts,  Inc.)  as  the  GRPR-specific  radioligand.  Experiments  were 
performed  on  PC-3  (AI)  human  prostate  cancer  cells  (American 
Type  Culture  Collection)  by  modification  of  a  method  previously 
described  (25).  Briefly,  cells  were  grown  in  Ham’s  F-12K  medium 
supplemented  with  10%  fetal  bovine  serum.  PC-3  cells  were 
harvested  and  seeded  in  24-well  plates  at  105  cells  per  well. 
Twenty-four  hours  later,  the  cells  were  washed  twice  with  binding 
buffer  containing  50  mmol/L  /V-(2-hydroxyethyl)piperazine-/V'-(2- 
ethanesulfonic  acid,  125  mmol/L  NaCl,  7.5  mmol/L  KC1,  5.5 
mmol/L  MgCU,  1  mmol/L  ethylene  glycol-bis-(|3-aminoethyl- 
ester)-/V,/V,/V',/V'-tetraacetic  acid,  2  mg/mL  bovine  serum  albumin, 

2  mg/L  chymostatin,  100  mg/L  soybean  trypsin  inhibitor,  and  50 
mg/L  bacitracin  at  pH  7.4  and  then  incubated  for  1  h  at  37°C  with 
20,000  cpm  of  125I-[Tyr4]BBN  (specific  activity,  74  TBq/mmol 
[2,000  Ci/mmol])  in  the  presence  of  increasing  concentrations  of 
DOTA-[Lys3]BBN  conjugate  ranging  from  0  to  2,000  nmol/L. 
After  incubation,  the  cells  were  washed  twice  with  binding  buffer 
and  solubilized  with  IN  NaOH,  and  activity  was  measured  in  a 
y-counter  (Packard).  The  50%  inhibitory  concentration  (IC50) 
value  for  the  displacement  binding  of  125I-[Tyr4]BBN  by  DOTA- 
[Lys3]BBN  conjugate  was  calculated  by  nonlinear  regression  anal¬ 
ysis  using  the  GraphPad  Prism  computer-fitting  program  (Graph- 
Pad  Software,  Inc.).  Experiments  were  done  twice  with  triplicate 
samples. 
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Internalization  Studies 

Internalization  of  64Cu-DOTA-[Lys3]BBN  was  measured  by 
modifying  a  previously  described  technique  (25).  Briefly,  PC-3 
(AI)  cells  were  incubated  in  triplicate  in  6-well  plates  with  about 
200,000  cpm  of  64Cu-labeled  tracer  with  or  without  an  excess  of  1 
p,mol/L  BBN  for  2  h  at  4°C.  After  the  preincubation,  cells  were 
washed  with  ice-cold  binding  buffer  to  remove  free  radioligand 
and  then  incubated  with  previously  warmed  binding  buffer  at  37°C 
for  0,  15,  30,  and  120  min  for  internalization.  The  percentage  of 
64Cu  activity  trapped  in  the  cells  was  determined  after  removing 
64Cu  activity  bound  to  the  cell  surface  by  washing  twice  with  acid 
(50  mmol/L  glycine  and  0.1  mol/L  NaCl,  pH  2.8).  Cells  were  then 
solubilized  by  incubating  with  IN  NaOH  and  counted  to  determine 
internalized  radioligand. 

Biodistribution 

Human  prostate  cancer  carcinoma  xenografts  were  induced  by 
subcutaneous  injection  of  107  PC-3  (AI)  cells  to  the  left  front  leg 
and  107  CWR22  (AD)  cells  to  the  right  front  leg  of  4-  to  6-wk-old 
male  athymic  nude  mice  (Harlan).  Three  to  4  wk  later,  when  the 
tumors  reached  0.4-  to  0.6-cm  diameter,  the  mice  were  injected 
with  370  kBq  (10  p-Ci)  DOTA-[Lys3]BBN  intravenously  into  the 
tail  vein.  Mice  (n  =  4  per  time  point)  were  killed  by  cervical 
dislocation  at  different  time  points  after  injection.  Blood,  tumor, 
and  the  major  organs  and  tissues  were  collected,  wet  weighed,  and 
counted  in  a  y-counter  (Packard).  The  percentage  of  injected  dose 
per  gram  (%ID/g)  was  determined  for  each  sample.  For  each 
mouse,  radioactivity  of  the  tissue  samples  was  calibrated  against  a 
known  aliquot  of  the  injectate.  Values  are  expressed  as  mean  ± 
SD.  The  receptor-mediated  localization  of  the  radiotracers  was 
investigated  by  determining  the  biodistribution  of  radiolabeled 
peptide  in  the  presence  of  1  and  10  mg/kg  of  BBN  at  1  h  after 
injection  (n  =  4). 

microPET  Imaging 

PET  imaging  was  performed  on  a  microPET  R4  rodent  model 
scanner  (Concorde  Microsystems,  Inc.).  The  scanner  has  a  com¬ 
puter-controlled  bed,  10.8-cm  transaxial  and  8-cm  axial  field  of 
view  (FOV).  It  has  no  septa  and  operates  exclusively  in  3-dimen¬ 
sional  list  mode.  All  raw  data  were  first  sorted  into  3-dimensional 
sinograms,  followed  by  Fourier  rebinning  and  2-dimensional  fil¬ 
tered  backprojection  image  reconstruction  using  a  ramp  filter  with 
the  Nyquist  limit  (0.5  cycle/voxel)  as  the  cutoff  frequency.  For 
PET  imaging  of  prostate  cancer-bearing  mice,  the  animals  were 
injected  with  14.8  MBq  (400  pCi)  64Cu-DOTA-[Lys3]BBN  via  the 
tail  vein.  Each  mouse  was  then  killed  at  1  h  after  injection  and 
placed  near  the  center  of  the  FOV  of  the  microPET,  where  the 
highest  image  resolution  and  sensitivity  are  available.  Static  im¬ 
aging  was  performed  for  20  min  (n  =  3).  For  a  receptor-blocking 
experiment,  one  mouse  bearing  PC-3  tumor  on  the  right  front  leg 
was  imaged  (20-min  static  scan  at  1  h  after  administration  of  14.8 
MBq  [400  pCi]  64Cu-DOTA-[Lys3]BBN)  twice  2  d  apart:  (a) 
without  coinjection  with  BBN;  and  (b)  with  10  mg/kg  BBN.  No 
attenuation  correction  was  applied  to  the  microPET  scans.  Instead, 
the  attenuation  correction  factors  were  incorporated  into  the  sys¬ 
tem  calibration.  In  brief,  a  vial  with  a  volume  (30  nrL,  5-cm 
diameter)  similar  to  that  of  a  nude  mouse  body  was  filled  with  a 
known  amount  of  64CuC12  and  scanned  for  1  h.  The  static  scan  was 
reconstructed  with  the  filtered  backprojection  protocol,  and  the 
counting  rate  from  the  images  of  the  phantom  was  compared  with 
the  known  activity  concentration  to  obtain  a  system  calibration 
factor.  With  this  approach,  the  uptake  index  (ROI  [kBq/mL]/ 


injected  dose  [kBq]  X  100%,  where  ROI  =  region  of  interest)  of 
tissues  and  of  organs  of  interest  was  consistent  with  the  %ID/g 
value  obtained  from  direct  tissue  sampling  after  the  microPET 
imaging.  The  error  was  within  5%-10%. 

Whole-Body  Autoradiography 

Autoradiography  was  performed  using  a  Packard  Cyclone  Stor¬ 
age  Phosphor  Screen  system  and  a  Bright  5030/WD/MR  cryomi- 
crotome  (Hacker  Instruments).  Immediately  after  microPET  scan¬ 
ning,  the  mice  were  frozen  in  a  dry  ice  and  isopropyl  alcohol  bath 
for  2  min.  The  bodies  were  then  embedded  in  a  4%  carboxymethyl 
cellulose  (Aldrich)  water  mixture  using  a  stainless  steel  and  alu¬ 
minum  mold.  The  mold  was  placed  in  the  dry  ice  and  isopropyl 
alcohol  bath  for  5  min  and  then  into  a  —  20°C  freezer  for  1  h.  The 
walls  of  the  mold  were  removed,  and  the  frozen  block  was 
mounted  in  the  cryomicrotome.  The  block  was  cut  into  50-p.m 
sections,  and  desired  sections  were  digitally  photographed  and 
captured  for  autoradiography.  The  sections  were  transferred  into  a 
chilled  autoradiography  cassette  containing  a  Super  Resolution 
Screen  (Packard)  and  kept  there  overnight  at  — 20°C.  Screens  were 
read  with  the  Packard  Cyclone  laser  scanner.  Quantification  of 
autoradiographic  images  was  validated  by  a  direct  tissue  sampling 
technique.  In  brief,  50-p.m  slices  of  tumor  tissue  were  cut  and 
exposed  to  the  Super  Resolution  Screen  for  24  h,  and  the  ROIs 
drawn  from  the  autoradiographs  were  described  as  detector  light 
units  per  mm2  and  correlated  with  direct  y-counter  assays  of  the 
tissue  samples  scooped  out  of  the  frozen  block  (n  =  3).  A  linear 
relationship  between  tissue  %ID/g  and  autoradiography  image 
intensity  was  obtained,  and  the  conversion  factor  thus  obtained 
was  used  for  autoradiography  quantification. 

Statistic  Analysis 

Data  are  expressed  as  mean  ±  SD.  One-way  ANOVA  was  used 
for  statistical  evaluation.  Means  were  compared  using  the  Student 
t  test.  P  values  <  0.05  were  considered  significant. 

RESULTS 

Synthesis  and  Radiolabeling 

The  DOTA-[Lys3]BBN  conjugate  (Fig.  1)  was  produced 
in  75%  yield  after  HPLC  purification.  The  retention  time  of 
this  compound  on  HPLC  was  18.5  min,  whereas  [Lys3]BBN 
eluted  at  19.2  min  under  the  same  conditions.  Matrix- 
assisted  laser  desorption  ionization-time  of  flight  mass 
spectrometry  (MALDI-TOF  MS):  m/z  =  1,976  for  [M+H]  + 
(C87H137N26026S);  1,998  for  [M+Na]+;  and  2,014  for 
[M+K]+.  64Cu-DOTA-[Lys3]BBN  was  labeled  in  >90% 
radiochemical  yield  and  >98%  radiochemical  purity  and 
was  used  immediately  for  in  vitro  and  in  vivo  assays.  Free 
64Cu-acetate  remained  at  the  origin  of  the  radio-TLC  plate 
and  the  Rf  value  of  64Cu-DOTA-[Lys3]BBN  was  about  0.5. 
The  specific  activity  of  64Cu-DOTA-RGD  ranged  from  15 
to  38  GBq/pmol  (400-1,000  Ci/mmol). 

In  Vitro  Receptor-Binding  Assay 

The  binding  affinity  of  DOTA-[Lys3]BBN  conjugate  for 
GRPR  was  tested  for  AI  human  prostate  cancer  PC-3  cells. 
As  seen  in  Figure  2,  the  data  show  a  typical  sigmoid  curve 
for  the  displacement  of  125I-[Tyr4]BBN  from  PC-3  cells  as  a 
function  of  increasing  concentrations  of  the  DOTA- 
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FIGURE  1.  Schematic  structures  of  DOTA-[Lys3]BBN  conju¬ 
gate  and  64Cu-DOTA-[Lys3]BBN. 


[Lys3]BBN  conjugate.  The  IC50  value  was  determined  to  be 
2.2  ±  0.5  nmol/L.  In  the  absence  of  DOTA-[Lys3]BBN 
competitor,  approximately  10%  of  added  125I-[Tyr4]BBN 
was  bound.  Only  about  1%  of  added  radioligand  was  bound 
to  the  cells  in  the  presence  of  1  p,mol/L  of  DOTA- 
[Lys3]BBN,  suggesting  that  90%  of  bound  125I-[Tyr4]BBN 
was  GRPR  specific. 

The  internalization  of  64Cu-DOTA-[Lys3]BBN  into  PC-3 
cells  is  illustrated  in  Figure  3.  The  rate  of  internalization 
was  time  and  temperature  dependent.  At  4°C,  cell  surface 
binding  occurred  but  internalization  was  minimal  (<  10%). 
Incubation  at  37°C  showed  a  rapid  internalization  rate,  with 
65%  ±  10%  of  radioactivity  internalized  by  30  min. 

Biodistribution  Studies 

A  summary  of  the  biodistribution  data  for  64Cu-DOTA- 
[Lys3]BBN  in  PC-3  and  CWR22  tumor-bearing  mice  is 


FIGURE  2.  Inhibition  of  125l-[Tyr3]BBN  binding  to  GRPR  on 
human  prostate  cancer  ceil  line  PC-3  by  DOTA-[Lys3]BBN  con¬ 
jugate  (IC50  =  2.2  ±  0.5  nmol/L).  Results  expressed  as  percent¬ 
age  of  binding  are  mean  ±  SD  of  2  experiments  in  triplicate. 


FIGURE  3.  Time-dependent  internalization  of  64Cu-DOTA- 
[Lys3]BBN  by  PC-3  prostate  cancer  cells  incubated  at  37°C 
during  2  h.  Cells  were  preincubated  for  2  h  at  4°C.  Data  are 
mean  ±  SD  of  percentage  of  acid-resistant  (internalized)  radio¬ 
activity  in  cells  (2  experiments  in  triplicate). 


shown  in  Figure  4.  This  radiotracer  had  a  rapid  blood 
clearance,  with  only  0.30  ±  0.04  %ID/g  remaining  in  the 
circulation  at  1  h  followed  by  a  further  decrease  at  2  and  4-h 
time  points.  Tumor-to-blood  ratios  at  1  h  were  13.1  ±  2.3 
and  4.1  ±  1.3  for  PC-3  and  CWR22  tumors,  respectively. 
Liver  uptake  reached  maximum  at  1  h  (4.18  ±  0.63  %ID/g) 
and  declined  to  2.09  ±  0.5  %ID/g  at  2  h  after  injection.  The 
rapid  decrease  of  activity  accumulation  in  the  kidneys  sug¬ 
gests  a  predominant  renal  clearance  pathway  of  this  radio- 
tracer.  A  significant  uptake  of  64Cu-DOTA-[Lys3]BBN  in 
the  GRPR-bearing  pancreas  was  observed  (10.4  ±  0.14 
%ID/g  at  30  min  after  injection  and  6.08  ±0.18  %ID/g  after 
2  h).  Our  results  indicated  GRPR-specific  uptake  in  PC-3 
tumor  and  pancreas  (Fig.  5),  which  was  confirmed  by  the 
receptor-blocking  study  at  the  1-h  time  point,  as  the  uptake 
in  these  tissues  was  effectively  inhibited  by  coinjection  of 
10  mg/kg  BBN  (7.83  ±  0.52  %lD/g  vs.  0.52  ±  0.05  %ID/g 
for  pancreas,  P  <  0.001;  3.97  ±  0.15  %ID/g  vs.  1.35  ±  0.24 
%ID/g  for  PC-3  tumor,  P  <  0.001).  Coinjection  of  1  mg/kg 
BBN  resulted  in  partial  inhibition  of  activity  accumulation 
in  PC-3  tumor  (2.08  ±  0.35  %ID/g)  and  pancreas  (2.75  ± 
0.43  %ID/g).  Activity  accumulation  in  the  AD  CWR22 
tumor  was  not  affected  by  the  administration  of  BBN.  No 
significant  changes  of  uptake  in  other  normal  organs  were 
seen  except  for  the  kidneys,  which  had  increased  uptake  in 
the  blocked  versus  the  control  mice  (P  <  0.01),  presumably 
due  to  decreased  specific  binding  in  tissues. 

microPET  and  Autoradiographic  Imaging 

The  localization  of  64Cu-DOTA-[Lys3]BBN  in  PC-3  and 
CWR22  tumor-bearing  mice  as  determined  by  microPET 
imaging  followed  by  whole-body  autoradiography  is  de¬ 
picted  in  Figure  6.  On  the  left  is  a  coronal  image  of  a 
tumor-bearing  mouse  1  h  after  administration  of  14.8  MBq 
(400  pCi)  64Cu-DOTA-[Lys3]BBN.  The  microPET  image  is 
concordant  with  a  whole-body  autoradiographic  section 
seen  on  the  right.  Both  PC-3  (left)  and  CWR22  (right) 
tumors  were  visible  with  clear  contrast  from  the  adjacent 
background.  Prominent  uptake  was  also  observed  in  the 
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FIGURE  4.  Biodistribution  of  64Cu- 
DOTA-[Lys3]BBN  in  male  athymic  nude 
mice  bearing  subcutaneous  PC-3  (Al)  and 
CWR22  (AD)  tumors.  Mice  were  intrave¬ 
nously  injected  with  370  kBq  (10  (xCi)  of 
radioligand  and  killed  at  15  min,  30  min, 
1  h,  2  h,  and  4  h.  Data  are  presented  as 
mean  %ID/g  ±  SD  (n  =  4).  Sm  int  =  small 
intestine. 


liver  and  kidneys,  and  clearance  of  the  activity  through  the 
urinary  bladder  is  evident.  Uptake  indices  at  1  h  derived 
from  microPET  (tail  vein  injection  of  14.8  MBq  [400  p,Ci] 
activity)  and  quantitative  autoradiography  (QAR)  are  com¬ 
pared  with  data  obtained  from  direct  tissue  sampling  (tail 
vein  injection  of  370  kBq  [10  p,Ci]  activity)  in  Figure  7.  The 
results  from  microPET  ROI  analysis  agreed  with  the  results 
obtained  from  autoradiographic  quantification  for  the  or¬ 
gans  and  tissues  examined.  It  is  evident  that  PC-3  tumor  and 
pancreas  uptake  obtained  from  microPET  and  QAR  were 
significantly  lower  than  those  obtained  from  the  direct  bio¬ 
distribution  measurement.  Figure  8  shows  transaxial  micro¬ 
PET  images  of  a  PC-3  tumor-bearing  nude  mouse,  1  h  after 
administration  of  64Cu-DOTA-[Lys3]BBN,  with  and  with¬ 
out  coinjection  of  10  mg/kg  BBN.  There  is  a  clear  visual¬ 
ization  of  the  PC-3  tumor  in  the  animal  on  the  left  without 
the  presence  of  competitor.  Conversely,  the  same  mouse 
that  received  a  blocking  dose  of  BBN  showed  reduced 
tracer  localization  in  the  tumor. 

DISCUSSION 

This  study  showed  that  suitably  labeled  BBN  analogs  can 
be  used  to  image  both  AI  and  AD  prostate  cancer  in  pre- 


clinical  animal  models.  In  particular,  this  study  demon¬ 
strated  that  AI  PC-3  but  not  AD  CWR22  prostate  cancer 
tumor  has  GRPR-specific  activity  accumulation. 

The  overexpression  of  peptide  receptors  in  human  tumors 
is  of  considerable  interest  for  tumor  imaging  and  therapy. 
Because  of  their  small  size,  peptides  have  faster  blood 
clearance  and  higher  target-to-background  ratios  compared 
with  those  of  macromolecular  compounds.  Radiolabeled 
receptor-binding  peptides  have  recently  emerged  as  a  new 
class  of  radiopharmaceuticals.  Various  peptides  have  been 
used  for  tumor  scintigraphy.  For  example,  somatostatin 
receptors,  which  are  highly  expressed  in  most  neuroendo¬ 
crine  tumors,  have  been  targeted  successfully  for  both  im¬ 
aging  and  therapy  with  octreotide.  The  long-term  treatment 
of  patients  with  octreotide  has  been  successful  in  relieving 
the  symptoms  resulting  from  excessive  hormone  production 
by  the  tumors  (28).  The  use  of  radiolabeled  somatostatin 
analogs  has  permitted  imaging  as  well  as  therapy  of  neu¬ 
roendocrine  tumors  and  their  metastases  in  patients  (29). 
Similar  targeting  strategies  have  also  been  applied  to  vaso¬ 
active  intestinal  peptide  receptors  in  epithelial  tumors  (30) 
and  cholecystokinin-B  receptors  in  medullary  thyroid  car- 


FIGURE  5.  Receptor-blocking  study:  biodistribution  of  64Cu- 
DOTA-[Lys3]BBN  at  1-h  time  point  without  (white  bars)  and  with 
(black  bars)  coinjection  of  200  |j,g  of  BBN  to  determine  GRPR- 
specific  binding.  Significant  inhibition  of  activity  accumulation  in 
PC-3  tumor  (P  <  0.001)  and  pancreas  (P  <  0.001)  was  ob¬ 
served.  Data  are  presented  as  mean  %ID/g  ±  SD  in  reference  to 
total  injected  dose  of  radiotracer  (n  =  4  for  each  group). 


FIGURE  6.  (Left)  Coronal  microPET  image  of  tumor-bearing 
mouse  (PC-3  on  left  shoulder  and  CWR22  on  right  shoulder)  1  h 
after  administration  of  64Cu-DOTA-[Lys3]BBN.  (Right)  Digital  au¬ 
toradiograph  of  section  containing  tumors. 
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FIGURE  7.  Kidney,  liver,  PC-3  tumor,  and  CWR22  tumor  up¬ 
take  comparison  as  obtained  from  traditional  biodistribution 
(n  =  4),  microPET  (n  =  3),  and  autoradiographic  quantification 
(n  =  3).  Quantification  of  microPET  and  autoradiography  re¬ 
vealed  similar  activity  accumulation  in  both  PC-3  tumor  and 
pancreas,  which  were  both  lower  than  those  obtained  from 
biodistribution  study. 

cinomas  and  small  cell  lung  cancers  (31).  Recently,  we  and 
other  groups  have  labeled  cyclic  RGD  peptides  with  various 
radionuclides  for  imaging  of  tumor  angiogenesis  (32,33). 
Overexpression  of  the  GRPR  in  a  variety  of  neoplasias,  such 
as  breast,  prostate,  pancreatic,  and  small  cell  lung  cancers, 
was  prompted  by  the  development  of  y -emitting  or 
positron-emitting  radionuclide-labeled  GRP  analogs  for 
SPECT  (20-25,34)  and  PET  (27)  imaging  of  GRPR-posi- 
tive  tumors. 

Since  the  native  BBN  peptide  has  a  pyroglutamic  acid  at 
the  N-terminus  and  an  amidated  methionine  at  the  C-termi- 
nus,  further  modification  and  radiolabeling  of  this  peptide 
with  metallic  radionuclides  is  not  possible.  Efforts  have 
been  made  to  design  derivatized  BBN  analogs  for  binding 
and  pharmacokinetic  studies.  Because  BBN  agonists  are 
generally  preferable  to  BBN  antagonists  for  receptor-spe¬ 
cific  internalization,  most  BBN  analogs  with  an  amidated 
C-terminus  that  have  been  developed  are  agonists.  Because 
the  C-terminus  is  directly  involved  in  the  specific  binding 
interaction  with  the  GRPR,  the  truncated  C-terminal  hepta- 
peptide  sequence  Trp-Ala-Val-Gly-His-Leu-Met  (BBN(8- 
14))  must  be  maintained  or  minimally  substituted.  Several 
strategies  have  been  applied  to  develop  radiometallated  BBN- 
analogous  conjugates.  For  example,  the  N-terminal  Glp  of 
BBN  has  been  replaced  by  Pro  and  subsequently  conjugated 
with  DOTA  and  diethylenetriaminepentaacetic  acid  (DTP A) 
for  ulIn  labeling  (35,36);  Arg3  was  substituted  with  Lys3  and 
aN2S2  ligand  was  attached  to  the  Lys  side  chain  e-amino  group 
for  99mTc  labeling  (22)  or  DOTA  and  DTPA  were  attached  to 
Lys3  of  [Lys3,Tyr4]BBN  for  11 'In  labeling  (55).  Most  of  the 
studies  reported  to  date  used  a  C-terminal  amidated  BBN(8- 
14)  in  which  radiometal  chelate  was  linked  to  the  truncated 
small  peptide  (37,38)  for  99mTc  labeling[b].  Recently,  Rogers  et 
al.  (27)  reported  64Cu-labeled,  DOTA-conjugated,  Aoc  linker- 
modified  BBN(7-14)  for  microPET  imaging  of  subcutaneous 
PC-3  tumor  models.  The  strategy  used  in  our  laboratory  has 
focused  primarily  on  modification  of  the  Lys3  residue  of 
[Lys3]BBN  with  various  linkers  and  chelators  for  diagnostic 


and  therapeutic  applications.  This  study  reports  64Cu-labeled 
DOTA-[Lys3]BBN  for  microPET  imaging  of  both  AI  and  AD 
tumor  models. 

In  contrast  to  many  other  investigators  who  tried  to 
conjugate  DOTA  chelator  to  peptides  via  solid-phase  syn¬ 
thesis  using  DOTA-tris(f-butyl  ester)  followed  by  TFA 
cleavage  and  deprotection,  we  found  that  the  incorporation 
yield  of  tri-f-butyl  ester-protected  DOTA  to  fully  protected 
peptides  fixed  on  resin  was  low  due  to  steric  hindrance  of 
the  bulky  protecting  groups.  Purification  of  the  peptide 
conjugates  was  difficult  due  to  the  fact  that  DOTA-peptide 
conjugates  usually  had  a  retention  time  similar  to  those  of 
the  parent  peptides.  We  also  found  it  more  convenient  to 
prepare  DOTA-peptide  conjugates  in  buffer  solutions  via  in 
situ  activation  of  DOTA.  The  retention  time  of  DOTA- 
[Lys3]BBN  is  different  from  that  of  [Lys3]BBN  by  <1  min 
under  the  HPLC  condition  in  this  study.  However,  the  use  of 
an  excess  amount  of  DOTA  for  conjugation  resulted  in 
almost  complete  conversion  of  [Lys3]BBN  to  DOTA- 
[Lys3]BBN.  The  radiolabeling  of  DOTA-[Lys3]BBN  with 
64Cu  was  performed  with  high  yield.  Unreacted  64Cu  was 
easily  removed  by  simple  Ci8  cartridge  elution. 

DOTA-[Lys3]BBN  had  high  affinity  for  the  GRPR 
(IC50  =  2.2  ±  0.5  nmol/L;  Fig.  2)  similar  to  that  of  BBN 
(1.5  nmol/L)  (25).  This  study  agrees  with  the  findings  by 
Baidoo  et  al.  (22)  that  modification  of  the  Lys3  e-amino 
group  has  little  effect  on  the  receptor-binding  characteristics 
of  the  peptide.  64Cu-Labeled  DOTA-[Lys3]BBN  was  rapidly 
internalized  by  PC-3  cells,  consistent  with  the  expected 
agonistic  behavior  of  this  radiotracer  against  GRPR.  Max¬ 
imum  internalization  and  retention  of  the  radioactivity  by 
tumor  cells  is  needed  for  diagnostic  or  therapeutic  efficacy 
of  radiopharmaceuticals.  There  was  limited  efflux  of  64Cu 
activity  from  the  PC-3  cells  within  the  period  of  investiga¬ 
tion  (2  h),  presumably  due  to  residualization  of  64Cu  from 
GRPR-mediated  entrapment  of  the  tracer  in  lysosomes 
(39,40)  and  subsequent  degradation  by  lysosomal  proteases. 
Similar  results  have  been  obtained  with  other  radiolabeled 
BBN  analogs. 

Biodistribution  studies  were  performed  on  both  PC-3 
(AI)  and  CWR22  (AD)  tumor-bearing  mice.  It  has  been 
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FIGURE  8.  Transaxial  microPET  images  of  athymic  nude 
mouse  bearing  PC-3  tumor  on  right  shoulder  1  h  after  tail  vein 
injection  of  14.8  MBq  (400  |xCi)  64Cu-DOTA-[Lys3]BBN  in  ab¬ 
sence  (control)  and  presence  (block)  of  coinjected  blocking 
dose  of  BBN  (10  mg/kg).  Arrows  indicate  location  of  tumors. 
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reported  that  AI  tumor  cells  express  GRPRs  at  significantly 
higher  levels  than  do  AD  tumor  cells  (16).  In  the  current 
study,  activity  accumulation  from  64Cu-DOTA-[Lys3]BBN 
by  AI  PC-3  tumors  was  significantly  higher  than  by  AD 
CWR22  tumors.  It  is  interesting  to  note  that  receptor  block¬ 
ing  did  not  reduce  the  uptake  in  CWR22  tumor,  whereas  the 
activity  in  GRPR-positive  PC-3  tumor  and  pancreas  were 
effectively  inhibited.  Fast  blood  clearance  of  radiotracer 
after  30  min  following  administration  might  have  been  due 
to  little  binding  of  the  degradation  metabolites  to  plasma 
proteins.  This  is  very  different  from  the  in  vivo  behavior  of 
64Cu-DOTA-Aoc-BBN(7-14)  (27),  which  exhibited  persis¬ 
tent  blood  retention  up  to  24  h  after  injection  and  higher 
normal  tissue  uptake  than  that  reported  in  this  and  other 
studies.  A  high  degree  of  plasma  protein  binding  of  the 
relatively  lipophilic  Aoc  linker  as  well  as  transchelation  of 
Cu2+  to  albumin  and  superoxide  dismutase  may  have 
caused  the  unfavorably  high  liver  activity  accumulation. 
Smith  et  al.  (38)  also  reported  that  a  long  aliphatic  linker  is 
responsible  for  prolonged  retention  in  blood  and  decreased 
pancreatic  uptake. 

Although  99mTc-labeled  GRP  analogs  have  receptor-spe¬ 
cific  tumor  activity  accumulation,  the  absolute  tumor  uptake 
is  rather  low  (<l%ID/g  at  1  h  after  injection).  64Cu-Labeled 
BBN  analogs  reported  here  and  by  Rogers  et  al.  (27)  gave 
much  higher  tumor  uptake  and  more  persistent  tumor  reten¬ 
tion.  Further  investigations  are  needed  to  fully  understand 
the  effect  of  radiochelate  characteristics,  linker  properties, 
and  peptide  sequences  on  tumor-targeting  ability  and  excre¬ 
tion  kinetics.  As  opposed  to  64Cu-DOTA-Aoc-BBN(7-14), 
which  had  both  hepatobiliary  and  renal  excretion  pathways, 
64Cu-DOTA-[Lys3]BBN  was  excreted  rapidly  via  the  renal 
route.  This  suggests  that  insertion  of  a  rather  hydrophobic 
aliphatic  acid  linker  to  separate  the  radiolabel  from  the 
receptor-targeting  peptide  moiety  is  probably  not  beneficial 
for  optimization  of  such  radioligands. 

microPET  imaging  of  64Cu-DOTA-[Lys3]BBN  in  mice 
bearing  both  AI  PC-3  and  AD  CWR22  tumors  1  h  after 
injection  of  radioactivity  revealed  a  high  tumor-to-back- 
ground  ratio  for  both  tumor  types  (Fig.  6).  The  uptake 
indices  found  with  microPET  and  QAR  for  PC-3  tumor  and 
pancreas  were  significantly  lower  than  those  obtained  from 
direct  tissue  sampling  (Fig.  7).  Assuming  the  specific  activ¬ 
ity  of  the  radiotracer  was  18.5  GBq/p,mol  (500  mCi/pmol) 
at  the  time  of  tail  vein  injection,  the  injection  administered 
for  microPET  imaging  contained  about  2  p.g  BBN  peptide 
(14.8  MBq  [400  pCi]),  whereas  the  amount  of  activity 
administered  for  the  biodistribution  experiment  contained 
only  50  ng  BBN  peptide  (370  kBq  [10  p-Ci]).  It  is  possible 
that  partial  self-inhibition  of  receptor-specific  uptake  in 
PC-3  tumor,  pancreas,  and  other  tissues  that  express  the 
GRPR  occurred  during  the  imaging  studies.  Conversely,  the 
inability  to  inhibit  CWR22  tumor  activity  accumulation  in 
the  imaging  study  is  consistent  with  the  known  low  GRPR 
expression  in  AD  tumors  such  as  CWR22  (16). 


We  anticipate  that  quantitative  imaging  with  microPET  in 
living  animals,  based  on  the  overexpression  of  GRPR  in 
invasive  prostate  cancer,  could  potentially  be  translated  into 
clinical  settings  to  detect  AI  prostate  cancer.  Successful 
targeting  of  this  molecular  pathway  would  have  diagnostic 
as  well  as  potential  radio-  and  chemotherapeutic  implica¬ 
tions:  the  ability  to  document  GRPR  density  and  the  appro¬ 
priate  selection  of  patients  entering  clinical  trials  for  anti- 
GRPR  treatment.  PET  imaging  of  prostate  cancer  with 
64Cu-labeled  BBN  analogs  also  will  be  useful  for  determin¬ 
ing  dosimetry  and  tumor  response  to  the  same  ligand  la¬ 
beled  with  therapeutic  amounts  of  67Cu  for  internal  radio¬ 
therapy. 

CONCLUSION 

[Lys3]BBN,  when  conjugated  with  a  macrocyclic  DOTA- 
chelating  group  and  radiolabeled  with  the  positron-emitting 
radionuclide  64Cu,  exhibits  high  GRPR-binding  affinity  and 
specificity  and  rapid  internalization  in  AI  PC-3  prostate 
cancer  cells.  Specific  localization  of  64Cu-DOTA-[Lys3]BBN 
to  PC-3  tumor  and  GRPR-positive  tissues  was  confirmed  by 
biodistribution,  microPET  imaging,  and  autoradiographic  im¬ 
aging  studies.  Reduced  tumor  uptake  in  PC- 3  tumor  but  not 
CWR22  tumor  in  high-dose  microPET  and  autoradiography 
studies  compared  with  low-dose  biodistribution  studies  further 
illustrates  high-affinity  and  low-capacity  characteristics  of  the 
GRPR  in  AI  tumors.  The  activity  accumulation  in  CWR22 
tumor  is  attributed  to  nonspecific  uptake.  Further  studies  to 
evaluate  the  metabolic  stability  and  optimization  of  the  radio- 
tracers  for  prolonged  tumor  retention  and  improved  in  vivo 
kinetics  are  necessary. 
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Abstract 

Bombesin  (BBN),  an  analog  of  human  gastrin-releasing  peptide  (GRP),  binds  to  the  GRP  receptor  (GRPR)  with  high  affinity  and 
specificity.  Overexpression  of  GRPR  has  been  discovered  in  mostly  androgen-independent  human  prostate  tissues  and,  thus,  provides  a 
potential  target  for  prostate  cancer  diagnosis  and  therapy.  We  have  previously  demonstrated  the  feasibility  of  the  positron  emission 
tomography  (PET)  imaging  using  64Cu-l,4,7,10-tetraazadodecane-N,N',N",N"'-tetraacetic  acid  (DOTA)-[Lys3]BBN  to  detect  GRPR- 
positive  prostate  cancer.  In  this  study,  we  compared  the  receptor  affinity,  metabolic  stability,  tumor-targeting  efficacy,  and  pharmacokinetics 
of  a  truncated  BBN  analog  64Cu-DOTA-Aca-BBN(7-14)  with  64Cu-DOTA-[Lys3]BBN.  Binding  of  each  DOTA  conjugate  to  GRPR  on  PC-3 
and  22Rvl  prostate  cancer  cells  was  evaluated  with  competitive  binding  assay  using  125I-[Tyr4]BBN  as  radioligand.  In  vivo 
pharmacokinetics  was  determined  on  male  nude  mice  subcutaneously  implanted  with  PC-3  cells.  Dynamic  microPET  imaging  was 
performed  to  evaluate  the  systemic  distribution  of  the  tracers.  Metabolic  stability  of  the  tracers  in  blood,  urine,  tumor,  liver  and  kidney  was 
studied  using  high-performance  liquid  chromatography.  The  results  showed  that  12:T-[Tyr4]BBN  has  a  Kd  of  14.8±0.4  nM  against  PC-3  cells, 
and  the  receptor  concentration  on  PC-3  cell  surface  is  approximately  2.7±0.1  x  106  receptors  per  cell.  The  50%  inhibitory  concentration  value 
for  DOTA-Aca-BBN(7-14)  is  18.4±0.2  nM,  and  that  for  DOTA-[Lys3]BBN  is  2.2±0.5  nM.  DOTA-[Lys3]BBN  shows  a  better  tumor 
contrast  and  absolute  tumor  activity  accumulation  compared  to  DOTA-Aca-BBN(7-14).  Studies  on  metabolic  stability  for  both  tracers  on 
organ  homogenates  showed  that  64Cu-DOTA-[Lys3]BBN  is  relatively  stable.  This  study  demonstrated  that  both  tracers  are  suitable  for 
targeted  PET  imaging  to  detect  the  expression  of  GRPR  in  prostate  cancer,  while  64Cu-DOTA-[Lys3]BBN  may  have  a  better  potential  for 
clinical  translation. 

©  2006  Elsevier  Inc.  All  rights  reserved. 
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1.  Introduction 

Prostate  cancer  is  the  most  diagnosed  malignant  growth 
in  men  and  is  the  second  leading  cause  of  male  cancer 
deaths  in  the  majority  of  Western  countries  [1].  As  life 
expectancy  increases,  so  will  the  incidence  of  this  disease, 
creating  what  will  become  an  epidemic  male  health 
problem.  Imaging  evaluation  of  prostate  cancer  continues 
to  be  challenging  [2],  As  oncology  departs  from  nonspecific 
diagnosis  and  treatment  toward  individualized  molecular 
therapy,  accurate  knowledge  of  the  molecular  features  of 
prostate  cancer  becomes  even  more  crucial  in  order  to  tailor 
the  treatment  plan  appropriately.  The  cancer  usually  starts 
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from  an  androgen-dependent  (AD)  lesion  in  the  prostate 
gland.  However,  during  androgen  ablation  therapy,  andro¬ 
gen-independent  (AI)  tumor  cells  eventually  emerge, 
leading  to  clinical  relapse  [3].  There  is  currently  no  effective 
treatment  available  for  Al  prostate  cancer.  Factors  involved 
in  the  transition  of  prostate  cancer  cells  from  AD  to  AI  are 
not  well  established.  The  interaction  between  gastrin¬ 
releasing  peptide  (GRP)/bombesin  (BBN)  and  GRP  receptor 
(GRPR)  as  an  autocrine  tumor  growth  stimulating  pathway 
has  been  repeatedly  reported  in  the  pathologenesis  of  a  large 
number  of  mammalian  carcinomas,  among  them  are  thyroid 
[4],  pancreatic  [5],  gastric  [6],  colorectal  [7],  breast  [8], 
prostatic  [9],  duodenal  carcinomas  [10]  and  gastrinomas 
[11].  It  also  has  been  established  that  GRPR  is  overex¬ 
pressed  in  resected  human  biopsy  specimen  of  these  lesions, 
as  compared  to  normal  surrounding  tissue  [12].  GRP 
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promotes  the  growth  and  invasiveness  of  prostate  cancer  in 
vitro  [13],  and  its  secretion  in  vivo  by  endocrine  cells  is 
thought  to  be  partially  responsible  for  AI  progression  of  the 
disease  [14]  by  transactivation  and  up-regulation  of  epider¬ 
mal  growth  factor  receptors  [15,16], 

Cancer  treatment  with  GRPR  antagonists  in  either 
monotherapy  or  combination  therapy,  radiotherapy  with 
radiolabeled  GRP  analogs  and  use  of  GRPR-targeted 
delivery  of  toxins  may  prove  to  be  new  and  effective 
therapeutic  approaches  [17,18],  The  ability  to  visualize  and 
quantify  GRPR  expression  level  noninvasively  will  be 
critical  for  GRPR  targeted  therapies,  as  in  vivo  GRPR 
imaging  will  allow  early  tumor  diagnosis  and  patient 
stratification  based  upon  GRPR  expression  and  predict 
response  to  this  GRPR-targeted  treatment.  Several  BBN 
analogs  have  been  conjugated  with  different  chelating 
agents  and  labeled  with  various  radiometals  for  diagnosis 
and  treatment  of  GRPR-positive  lesions  [19-24],  Most  of 
the  studies  assume  that  the  truncated  sequence  BBN(7-14) 
was  sufficient  for  the  specific  binding  interaction  with  the 
GRPR  and  metabolically  stable  enough  for  in  vivo 
applications.  Technetium-99m  RP527,  which  contains  a 
tripeptide  N3S  chelator  for  "mTc(V)0  complexation,  a 
gly-5Ava  linker  and  BBN(7-14)  has  been  investigated  in 
GRPR-positive  tumors  in  patients,  exhibits  favorable 
dosimetry,  specific  tumor  localization  and  good  imaging 
characteristics  [25,26], 

Positron  emission  tomography  (PET)  has  the  advantages 
over  single  photon  emission  computed  tomography  in  two 
aspects.  The  higher  sensitivity  is  particularly  valuable  for 
detecting  the  fewest  possible  cells  per  unit  volume  with  the 
least  amount  of  radioactivity.  The  spatial/temporal  resolu¬ 
tion  of  PET  is  also  significantly  higher,  allowing  dynamic 
scans  and  small  lesion  detection.  However,  very  few  PET 
studies  for  visualization  and  quantification  of  GRPR 
expression  have  been  reported  to  date  [27-30], 

Copper-64  (t1/2,  12.7  h;  39%  (3“  [0.58  MeV];  17.4%  [J+ 
[0.65  MeV];  43.6%  electron  capture)  [31]  has  a  modest 
positron  yield  and  intermediate  half-life,  providing  an 
adequate  flux  of  annihilation  photons  to  allow  imaging  of 
the  biodistribution  by  PET.  It  also  has  Auger  and  energetic 
beta  emissions  suitable  for  effective  short-range  cell  killing, 
serving  as  an  internally  administered  therapeutic  radionu¬ 
clide  for  small  to  medium  tumor  masses  [32],  Rogers  et.  al. 
[30]  developed  a  truncated  form  of  a  64Cu-labeled  BBN 
analogue,  64Cu- 1 ,4,7, 1 0-tetraazadodecane-N,N'  ,N"  ,N" ' - 
tetraacetic  acid  (DOTA)-Aoc-BBN(7-14).  The  study 
showed  that  this  truncated  BBN  peptide  with  an  alkyl  linker 
has  high  affinity  and  internalization  on  GRP-positive  cells 
(Fig.  1A).  It  also  showed  successful  targeting  and  accumu¬ 
lation  in  PC-3  tumor.  Alternatively,  a  poly(ethylene  glycol) 
linker  (M.W.  =  3400)  resulted  in  significantly  reduced 
receptor  affinity  and  lower  receptor  specific  activity 
accumulation  in  vivo  [33],  We  recently  reported  the 
synthesis  and  pharmacologic  evaluation  of  another  64Cu- 
labeled  BBN  analogue,  viz.,  64Cu-DOTA-[Lys3]BBN,  for 


targeting  GRPR  expression  in  prostate  cancer  [29],  In  this 
previously  reported  study,  125I-[Tyr4]BBN  had  a  50% 
inhibitory  concentration  value  of  2.2±0.5  nmol/L  for 
DOTA-[Lys3]BBN  against  PC-3  cells.  Internalization  of 
this  radioligand  to  PC-3  cells  was  temperature-  and  time- 
dependent.  Radiotracer  uptake  was  higher  in  Al  PC-3  than 
in  AD  22Rvl  tumor.  Coinjection  of  a  blocking  dose  of 
[Lys3]BBN  also  revealed  inhibition  of  the  activity  accumu¬ 
lation  in  PC-3  tumor  and  pancreas  but  not  in  22Rvl  tumor. 
In  addition,  microPET  and  autoradiographic  imaging  of 
64Cu-DOTA-[Lys3]BBN  in  athymic  nude  mice  bearing 
subcutaneous  PC-3  and  22Rvl  tumors  showed  strong 
tumor-to-background  contrast  for  PC-3  tumor. 

However,  it  is  unclear  whether  the  C-terminal  fragment 
or  the  Hill-length  of  the  amphibian  tetradecapeptide  BBN  is 
more  suitable  for  GRPR  targeting  in  vivo.  In  order  to 
investigate  the  nature  of  these  two  types  of  BBN  analogues, 
in  this  study,  we  continued  to  characterize  64Cu-DOTA- 
[Lys3]BBN  and  extended  the  methodology  to  64Cu-DOTA- 
Aca-BBN(7-14),  where  Aca  refers  to  e-aminocaproic  acid. 
For  both  compounds,  in  vitro  assays,  metabolic  stability  and 
microPET  studies  were  performed  to  investigate  tumor 
targeting  and  in  vivo  kinetics. 

2.  Materials  and  methods 

2.1.  Chemical  synthesis,  identification  and  characterization 

[Lys3]BBN  and  Aca-BBN(7-14)  were  synthesized  using 
solid-phase  Fmoc  chemistry  by  American  Peptide  (Sunny¬ 
vale,  CA,  USA).  Reagent  grade  of  DOTA,  Macrocyclics, 
Dallas,  TX,  USA),  l-ethyl-3-[3-(dimethylamino)propyl]car- 
bodiimide  (EDC,  Fluka  BioChemika,  St.  Louis,  MO,  USA) 
and  TV-hydroxysulfonosuccinimide  (SNHS,  Fluka  BioChe¬ 
mika,  St.  Louis,  MO,  USA)  were  used  as  received  (Fig.  IB). 
Conjugation  of  DOTA  with  [Lys3]BBN  and  Aca-BBN(7-14) 
followed  the  standard  in  situ  activation  and  coupling  method 
described  earlier  [29]. 

2.2.  Radiochemical  synthesis 

64Cu  was  obtained  form  Mallinckrodt  Institute  of 
Radiology,  Washington  University  School  of  Medicine  (St. 
Louis,  MO,  USA).  64Cu  was  produced  in  a  CS-15  bio¬ 
medical  cyclotron  using  the  64Ni(p,n,)64Cu  nuclear  reaction, 
separated  by  the  method  of  McCarthy  et  al.  [31]  and 
supplied  in  high  specific  activity  as  CuCl2  in  0.1  moPL  of 
HC1.  The  DOTA-[Lys3]BBN  and  the  DOTA-Aca-BBN(7-4) 
conjugates  were  labeled  with  64Cu  using  a  modified  protocol 
previously  described.  Approximately  7.5  pg  of  the  conjugate 
per  mCi  of  64Cu  in  0.1N  NaOAc  (pH  6.0)  buffer  was  used. 
The  labeled  compound  was  purified  using  a  Dionex  680 
chromatography  system  with  Vydac  protein  and  peptide  col¬ 
umns  and  a  UVD  170U  absorbance  detector  and  model  105S 
single-channel  radiation  detector  (Carroll  &  Ramsey  Asso¬ 
ciates,  Berkeley,  CA,  USA).  The  gradient  used  is  composed 
of  solvent  starting  from  95%  A  (0.1%  trifluoroacetic  acid  in 
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Fig.  1.  Shematic  structures  of  (A)  [64Cu]-DOTA-Aoc-BBN(7-14)  [30],  (B)  [64Cu]-DOTA-[Lys3]BBN  and  (C)  [64Cu]-DOTA-Aca-BBN(7-14). 


water)  and  5%  B  [0.1%  TFA  in  acetonitrile  (CH3CN)]  at 
0-5  min  to  35%  A  and  65%  B  at  35  min. 

2.3.  Cell  culture 

PC-3  and  22Rvl  human  prostate  adenocarcinoma  cell 
lines  obtained  from  the  American  Type  Culture  Collection 
(ATCC,  Manassas,  VA,  USA)  were  cultured  in  monolayers 
in  Ham’s  F-12K  and  RPM1  1640  media  (Invitrogen,  Grand 
Island,  NY,  USA),  respectively,  supplemented  with  10% 
fetal  bovine  serum  in  a  humidified  atmosphere  of  5%  CCB / 
95%  air  at  37°C.  After  harvested  by  centrifuging,  cells  were 
resuspended  either  in  pH  7.4  phosphate-buffered  saline 
(PBS)  containing  0.1%  bovine  serum  albumin  (BSA)  for  in 
vitro  receptor  binding  assay  or  in  fresh  media  for  tumor 
inoculation  on  animals. 

2.4.  In  vitro  receptor  binding  assay 

In  vitro  binding  affinity  and  specificity  of  GRPR  of  BBN 
analogues  and  their  DOTA  conjugates  were  investigated 
using  competitive  receptor  binding  assay.  125I-[Tyr4]BBN 
(Perkin-Elmer  Life  Science  Products,  Boston,  MA,  USA) 


was  used  as  the  GRPR-specific  radioligand.  Experiments 
were  performed  on  PC-3  and  22Rvl  human  prostate  cell 
lines  using  modified  methods  previously  described  [29], 
PBS  was  used  as  binding  buffer;  and  0.1%  BSA  was  added 
to  minimize  nonspecific  binding.  Serial  dilution  of  BBN 
analogs  and  their  DOTA  conjugates  ranging  from  0  to 
2000  nmol/L,  0.015  pCi  (0.55Bq)  of  125I-[Tyr4]BBN  in 
50  pL  binding  buffer  and  105  PC-3  cells  or  2.5  x  105  22Rvl 
cells  were  used.  The  50%  inhibitory  concentration  (IC50) 
value  for  the  displacement  binding  of  l25I-[Tyr4]BBN  by 
those  ligands  was  calculated  by  nonlinear  regression 
analysis.  Binding  affinity  assay  of  GRPR  of  [Tyr4]BBN 
on  both  PC-3  and  22Rvl  cell  lines  were  also  performed 
against  125I-[Tyr4]BBN  to  estimate  the  K (dissociation 
constant)  and  Bmax  (GRPR  receptor  density  on  cell  surface) 
value.  A  saturation  binding  curve  and  Scatchard  transfor¬ 
mation  were  obtained  by  nonlinear  regression  analysis,  and 
the  Kd  and  Rmax  values  for  both  cells  lines  were  extracted. 
GraphPad  Prism  4.0  computer-fitting  program  (Graph-Pad 
Software,  San  Diego,  CA,  USA)  was  used.  All  the  experi¬ 
ments  were  repeated  twice  with  triplicate  samples. 
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2.5.  Internalization  and  efflux  studies 

Internalization  and  efflux  of  64Cu-DOTA-[Lys3]BBN  and 
64Cu-DOTA-Aca-BBN(7-14)  on  PC-3  cells  were  investi¬ 
gated  using  a  protocol  modified  from  a  previously  described 
method  [29].  Studies  were  conducted  in  well  plates,  and 
2xl05  PC-3  cells  and  approximately  5x10s  cpm/0.1  ml 
64Cu-labeled  tracer  were  used.  The  activity  from  each  well 
was  measured  using  y-counter  (Packard,  Meriden,  CT, 
USA).  The  data  were  normalized  as  a  percentage  of  the 
total  amount  of  radioactivity  added  per  cell. 

2.6.  Tumor  implantation  and  animal  care 

Approval  for  the  animal  protocol  used  in  this  study  was 
obtained  from  the  Stanford  University  Institutional  Animal 
Care  and  Use  Committee.  Athymic  nu/nu  male  mice  were 
used.  At  the  age  of  5-6  weeks  with  an  average  body  weight 
of  about  20-25  g,  each  animal  was  inoculated  intradermally 
with  107  PC-3  cells  on  the  right  front  flank  and  107  22Rvl 
cells  on  the  left  front  flank.  Animals  were  given  autoclaved 
rodent  diet  and  water  ad  libitum  before  and  during  the  time 
of  tumor  growth.  Tumor  growth  was  monitored  at  least 
twice  a  week.  Animal  experiments  were  conducted  when  the 
tumors  reached  a  diameter  of  approximately  4-6  mm  at 
approximately  3-4  weeks  after  tumor  implantation.  The 
animals  were  sacrificed  with  excess  CO2  gas  once  the  tumor 
began  to  affect  the  mobility  of  the  animals. 

2. 7.  Metabolic  stability 

The  metabolic  stability  of  [64Cu]-DOTA-[Lys3]BBN  and 
[64Cu]-DOTA-Aca-BBN(7-14)  was  evaluated  using  3  ani¬ 
mals  for  each  tracer.  Each  animal  was  injected  intrave¬ 
nously  with  approximately  300  pCi  (11.1  MBq)  of  the 
radiotracer.  The  animals  were  euthanized  and  dissected  at 
0.5,  1  and  2  h  post  injection  (p.i.)  to  collect  blood,  urine, 
tumor,  liver  and  kidney  samples.  Blood  and  urine  samples 
were  immediately  centrifuged  at  12,000  g  for  5  min. 
Tumor,  liver  and  kidney  samples  were  homogenized, 
suspended  in  adequate  amount  of  PBS  and  centrifuged  at 
16,000  g  for  5  min.  For  each  sample,  the  supernatant  was 
removed,  and  the  pellet  was  washed  with  500  |iL  PBS.  The 
activity  of  the  pellet  and  the  combined  two  supernatant 
solutions  were  measured  using  y-counter.  Extraction 
efficiency  was  determined  by  calculating  the  ratio  of 
cpmsupernatant/(cpmsupematant+cpmpeliet).  The  combined  su¬ 
pernatant  was  passed  through  a  Sep-Pak  Cig  cartridge 
(Waters  Corp.,  Milford,  MA,  USA).  The  cartridge  was 
washed  with  2  ml  of  water  and  eluted  with  2  ml  of  CH3CN/ 
0.1%  TFA.  The  activity  of  the  passing-through,  water 
eluent  and  CH3CN  eluent  was  measured  using  y-counter. 
The  eluent  efficiency  was  determined  by  calculating  the 
ratio  of  (cpmwater+cpmcH3CN)/(cpmwater+cpmcH3CN+ 
cpmpassing_through).  The  water  and  CH3CN  eluents  were  dried 
with  an  N2  gas  blowing  and  oil  bath  at  40°C.  The  residue 
was  dissolved  in  500  pL  PBS  and  injected  onto  radio- 
high-performance  liquid  chromatography  (HPLC)  equipped 


with  a  Vydac  protein  and  peptide  column  (218TP54;  5  pm, 
250x4.6  mm).  The  flow  was  1  ml/min  with  a  gradient  of 
solvent  described  in  the  Radiochemical  Synthesis  section. 
The  eluent  was  fraction-collected  every  30  s,  and  the  activity 
of  each  fraction  was  measured  in  a  y-counter.  The  data  were 
plotted  to  reconstruct  the  HPLC  spectrum. 

2.8.  MicroPET  imaging 

PET  imaging  was  performed  on  a  microPET  R4  rodent 
model  scanner  (CTI  Concorde  Microsystems),  and  the 
imaging  data  were  analyzed  using  ASIPro  VM  5. 2. 4.0 
(Acquisition  Sinogram  Image  PROcessing  using  IDL’s 
Virtual  Machine).  The  scanner  has  a  linear  resolution  of 
about  2.5  mm  in  all  three  dimensions  to  make  an  overall 
volumetric  resolution  of  15.6  mm3.  The  raw  list  mode  is 
reconstructed  into  images  using  a  two-dimensional  ordered 
subsets  expectation  maximum  algorithm  (OSEM).  No 
correction  is  needed  for  attenuation  or  scatter.  At  each 
microPET  scan,  region  of  interests  were  drawn  over  each 
tumor,  normal  tissue  and  major  organs  on  decay-corrected, 
whole-body  coronal  images  and  converted  to  an  imaging 
ROI-derived  percentage  administered  activity  per  gram  of 
tissue  (%ID/g)  using  a  conversion  factor  of  approximately 
2000  pCi/ml.  For  each  animal  to  be  scanned,  approximately 
300  pCi  (11.1  MBq)  of  activity  was  administrated  through 
tail- vein  injection  prior  to  anesthesia.  Animals  were  anesthe¬ 
tized  with  2%  isoflurane  at  0.2  L/min  flow  of  oxygen  and 
were  then  immediately  placed  onto  the  bed  of  the  scanner, 
and  the  bed  was  positioned  so  that  the  center  of  field  of  view 
was  at  the  spine  adjacent  to  the  tumor  on  the  shoulder.  The 
animal  was  close  to  the  center  of  the  field  of  view  to  obtain  the 
highest  resolution  and  sensitivity.  Dynamic  imaging  was 
performed  for  60  min  with  one  frame  of  image  collected  for 
duration  of  1  min,  two  frames  for  2  min,  4  frames  for  5  min, 
and  five  frames  for  7  min  (total  of  12  frames).  After  data 
acquisition,  animals  were  moved  back  to  their  housing  cage 
for  recovery.  Additional  static  images  were  acquired  at  later 
time  points.  For  these  static  data  acquisition,  animals  were 
anesthetized  with  2%  isoflurane  in  oxygen,  moved  to  the 
scanning  bed  immediately  afterwards,  and  moved  back  to 
their  housing  cage  after  the  scan  until  the  next  static  image 
acquisition.  Static  images  were  collected  for  10  min  at  2  h  and 
4  h  p.i.  and  for  30  min  at  12  h  and  1 8  h  p.i. 

2.9.  Statistical  analysis 

The  data  were  expressed  as  means±S.D.  One-way 
analysis  of  variance  was  used  for  statistical  evaluation. 
Means  were  compared  using  Student’s  t  test.  P<. 05  was 
considered  significant. 

3.  Results 

3.1.  Chemical  and  radiochemical  synthesis 

With  the  excess  amount  of  DOTA-SNHS,  The  DOTA- 
[Lys3]BBN  conjugate  was  produced  in  >95%  yield.  The 
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Table  1 

Summary  of  (A)  the  IC50  values  for  different  ligands  against  PC-3  and 
22Rvl  cell  lines  obtained  from  competitive  binding  assay  using 
125I-[Tyr4]BBN;  and  (B)  Kd  and  BMax  for  PC-3  and  22Rvl  cell  lines 
measured  using  [Tyr4]-BBN  obtained  from  the  saturation  binding  curve 
using  Scatchard  transformation  of  the  competitive  binding  curve 


PC-3 

22Rvl 

(A)  IC 50  (nmol/L) 

[Lys3]-BBN 

3.3±0.4 

NSa 

DOTA-[Lys3]-BBN 

2.210.5 

NSa 

Aca-BBN(7-14) 

20.810.3 

NSa 

DOTA-Aca-BBN(7-14) 

18.410.2 

NSa 

(B) 

Ka  (nM) 

14.810.4 

NSa 

B  Max  (receptors/cell) 

2.7010.1  X106 

NSa 

a  NS:  readings  from  gamma-counter  are  not  significant  enough  to 
extract  a  binding  curve  and  associated  parameters. 


retention  time  of  this  compound  on  HPLC  was  19.8  min 
using  the  solvent  gradient,  as  described  previously  in  the 
Materials  and  Methods  section.  An  m/z  of  1979  for  [M+H]+ 
was  obtained  using  Matrix-assisted  laser  desorption  ioniza¬ 
tion  time-of-flight  mass  spectrometer.  DOTA-Aca- 
BBN(7-14)  conjugate  was  synthesized  and  characterized 
using  the  same  method.  The  yield  was  >95%,  the  retention 
time  on  HPLC  was  19.5  min  and  m/z—  1439  for  [M+H]+. 
Both  DOTA-[Lys3]BBN  and  DOTA-Aca-BBN(7-14) 
(Fig.  IB  and  1C)  were  labeled  with  64Cu  in  >90% 
radiochemical  yield  and  >98%  radiochemical  purity  with 
a  retention  time  on  HPLC  of  about  18.5  and  18.0  min, 
respectively.  The  compounds  were  used  immediately  for  in 
vitro  and  in  vivo  assays  and  microPET  imaging  studies. 

3.2.  In  vitro  receptor  binding  assay 

The  binding  affinity  of  [Lys3]BBN,  Aca-BBN(7-14) 
and  DOTA-Aca-BBN(7-14)  for  GRPR  was  evaluated 
for  PC-3  and  22Rvl  human  prostate  adenocarcinoma  cell 
lines.  A  typical  sigmoid  curve  for  the  displacement  of 
125I-[Tyr4]BBN  from  PC-3  cells  as  a  function  of  increasing 
concentration  of  DOTA-Aca-BBN(7-14)  was  obtained.  The 
IC50  values  (concentration  required  to  have  50%  inhibitory 
effect)  were  detennined  for  all  three  different  ligands  on 
both  PC-3  and  22Rvl  cells  and  are  summarized  in  Table  1. 
The  result  for  DOTA-[Lys3]BBN  on  PC-3  cells  has  been 
reported  earlier  [29]  and  was  included  for  comparison.  The 
IC50  value  was  determined  to  be  3.3 +0.4  nM  for 
[Lys3]BBN  and  20.810.3  nM  for  Aca-BBN(7-14)  on  105 
PC-3  cells.  Conjugation  with  DOTA  did  not  significantly 
alter  the  binding  affinity  for  both  compounds.  The  results 
showed  the  IC50  values  to  be  2.210.5  and  18.410.2  nM  for 
DOTA-[Lys3]BBN  and  DOTA-Aca-BBN(7-14),  respective¬ 
ly.  For  22Rvl,  no  significant  binding  characteristics  could 
be  obtained  for  any  of  the  four  compounds  with  the  use  of 
up  to  2.5  x  105  cells.  The  binding  affinity  of  [Tyr4]BBN  for 
GRPR  was  also  evaluated  for  PC-3  and  22Rvl  cell  lines 
against  125I-[Tyr4]BBN  to  estimate  the  receptor  density  on 
the  cells.  A  sigmoid  curve  from  PC-3  cells  as  a  function  of 


increasing  concentration  of  [Tyr4]BBN  was  obtained. 
The  linear  portion  of  the  data  was  used  to  generate  the 
Scatchard  transformation.  Kd  (the  mean  dissociation  con¬ 
stant  between  the  radioligand  and  the  GRPR  on  the  cell 
surface)  of  125l-[Tyr4]BBN  against  PC-3  cells  was  calculat¬ 
ed  to  be  14.810.4  nM  and  Rmax,  the  density  of  GRPR  on 
cell  surface  to  be  2.710. lxlO6  receptors/cell.  For  22Rvl, 
no  significant  binding  affinity  could  be  obtained. 

3.3.  Internalization  and  efflux  studies 

Results  for  the  internalization  of  both  tracers,  [64Cu]- 
DOTA-[Lys3]BBN  and  [64Cu]-DOTA-Aca-BBN(7-14),  are 
shown  in  Fig.  2A.  For  both  tracers,  internalization  occurred 
immediately  after  the  preincubation  step  (at  0  min  of 
incubation):  55%  for  [64Cu]-DOTA-[Lys3]BBN  and  60% 
for  [64Cu]-DOTA-Aca-BBN(7-14).  At  approximately  20  min 
of  incubation,  internalization  for  both  tracers  reached  a 
maximum  [-84%  for  [64Cu]-DOTA-[Lys3]BBN  and  >75% 
for  [64Cu]-DOTA-Aca-BBN(7-14)]  and  stayed  saturated 
until  120  min  of  incubation. 


A 


Fig.  2.  (A)  Time-dependent  internalization  and  (B)  time-dependent  efflux  of 
[64Cu]-DOTA-[Lys3]BBN  (♦)  and  [64Cu]-DOTA-Aca-BBN(7-14)  (■)  by 
PC-3  cells.  Data  are  percentage  of  acid-resistant  (internalized)  radioactivity 
in  cells  for  internalization,  and  percentage  of  radioactivity  remained  in  the 
culture  media  for  efflux. 
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Table  2 

Summary  of  the  extraction  and  elution  efficiency  from  blood,  urine,  liver,  kidney  and  PC-3  tumor  collected  at  30  and  60  minutes  post  intravenous  injection  of 
(A)  [64Cu]-DOTA-[Lys3]-BBN  and  (B)  [64Cu]-DOTA-Aca-BBN(7-14) 


Extraction  efficiency  (%) 


Elution  efficiency  (%) 


Blood 

Urine 

Liver 

Kidney 

Tumor 

Blood 

Urine 

Liver 

Kidney 

Tumor 

(A)  [64  Cu]-DOTA-[Lys3 J-BBN 
30  min  p.i.  92.7 

N/A 

78.3 

70.7 

76.9 

94.4 

96.0 

84.6 

88.6 

88.0 

60  min  p.i.  87.6 

N/A 

71.5 

60.8 

85.3 

95.9 

97.0 

90.3 

88.9 

95.9 

(B)  [64  Cu]-DOTA-Aca-BBN(7-14) 

30  min  p.i.  97.8 

N/A 

93.9 

89.6 

81.6 

93.6 

90.7 

88.7 

84.5 

75.0 

60  min  p.i.  96.1 

N/A 

90.5 

89.6 

85.8 

96.1 

92.8 

84.6 

83.8 

80.3 

Efflux  studies  were 

also  carried 

out  up 

to  24  h  of 

samples  30,  60 

and  120 

min  p.i. 

(data  not 

shown). 

incubation  to  further  characterize  both  tracers  (Fig.  2B). 
Both  [64Cu]-DOTA-[Lys3]BBN  and  [64Cu]-DOTA-Aca- 
BBN(7-14)  tracers  showed  a  similar  efflux  curve:  with 
30  min  of  incubation,  both  tracers  had  approximately 
20-25%  efflux  out  of  the  PC-3  cells,  followed  by  a  ~15% 
increase  up  till  4  h  of  incubation.  The  efflux  rate  was 
decreased  afterwards.  Till  the  end  of  experiments  with  a  24  h 
incubation  time,  approximately  40%  of  the  radiotracers 
remained  in  the  cells. 


Efficiency  of  extraction  by  homogenizing  the  organs  and 
efficiency  of  elution  are  summarized  in  Table  2A,  and 
Table  3A  summarizes  the  relative  integrated  area  of  each 
individual  peaks  in  percentage  for  [64Cu]-DOTA- 
[Lys3]BBN.  HPLC  of  the  radio-labeled  tracer  performed 
immediately  prior  to  the  injection  showed  a  single  peak 
(100%  area)  with  a  retention  time  of  18.5  min.  This 
spectrum  was  used  as  the  0-min  time  point  for  blood,  urine 
and  all  the  organ  samples.  At  30  min  p.i.,  approximately 


3.4.  Metabolism  stability 

The  metabolic  stability  of  [64Cu]-DOTA-[Lys3]BBN  was 


78%  of  the  intact  tracer  was  retained  in  the  blood  and  a  new 
peak  at  about  5  min  showed  up  with  22%  area.  Approxi¬ 
mately  65%  of  the  intact  tracer  was  detected  in  tumor  along 


determined  in  mouse  blood,  urine,  tumor,  liver  and  kidney  with  the  second  metabolite  at  6  min.  Liver  had  about  65%  of 


Table  3 

Summary  of  data  from  the  HPLC  profiles  from  the  soluble  fraction  of  blood  and  urine  samples  and  organ  homogenates  0  (immediately  prior  to  injection), 
30  and  60  minutes  post  intravenous  injection  of  (A)  [64Cu]-DOTA-[Lys3]-BBN  and  (B)  [64Cu]-DOTA-Aca-BBN(7-14) 


Time  p.i.  (min) 

Blood 

Urine 

Tumor 

Liver 

Kidney 

Elution 
time  (min) 

Area  (%) 

Elution 
time  (min) 

Area  (%) 

Elution 
time  (min) 

Area  (%) 

Elution 
time  (min) 

Area  (%) 

Elution 
time  (min) 

Area  (%) 

(A) 

0 

18.5 

100 

18.5 

100 

18.5 

100 

18.5 

100 

18.5 

100 

30 

18.5 

78.0 

18.5 

64.6 

18.5 

65.4 

18.5 

25.9 

14.0 

23.4 

5.0 

22.0 

5.0 

100 

6.0 

35.4 

4.0 

11.2 

4.0 

72.1 

60 

18.5 

58.4 

18.5 

23.1 

18.5 

39.9 

18.5 

17.4 

14.0 

43.4 

3.0 

42.6 

3.0 

65.2 

6.0 

76.9 

4.0 

16.7 

4.0 

82.6 

4.0 

34.8 

(B) 

0 

18.0 

100 

18.0 

100 

18.0 

100 

18.0 

100 

18.0 

100 

30 

19.0 

68.1 

19.0 

20.1 

19.5 

45.2 

14.5 

39.4 

14.5 

65.3 

15.0 

45.3 

5.5 

21.4 

5.0 

60.6 

4.0 

34.7 

4.0 

33.5 

4.0 

51.9 

60 

4.0 

10.5 

18.5 

14.2 

14.5 

56.9 

13.5 

45.1 

6.0 

41.4 

4.0 

100 

4.0 

43.1 

5.0 

52.9 

4.0 

100 

3.5 

44.8 
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Fig.  3.  MicroPET  images  of  athymic  nude  mice  with  PC-3  tumor  on  the  right  shoulder.  Coronal  images  (decayed  corrected  to  time  of  injection)  were  collected 
at  multiple  time  points  post  radiotracer  [64Cu]-DOTA-[Lys3]BBN  (300  pCi,  11.1  MBq)  (A)  or  [64Cu]-DOTA-Aca-BBN(7-14)  (C)  injection.  Major  organ  and 
tumor  distribution  data  derived  from  quantitative  miocroPET  imaging  studies  for  [64Cu]-DOTA-[Lys3]BBN  (B)  and  [64Cu]-DOTA-Aca-BBN(7-14)  (D)  were 
also  shown  («  =  3).  Time  indicated  in  all  panels  refers  to  the  time  point  of  scan  initiation. 


the  intact  tracer,  and  in  addition  to  the  metabolite  eluted  at 
early  time  (4.0  min,  12%),  a  third  peak  was  observable  at 
14  min  with  an  area  of  about  23%.  For  kidneys,  there  was 
less  than  30%  of  the  intact  tracer  found.  The  major  peak 
(72%)  was  observed  at  4  min.  A  complete  metabolism  was 
observed  in  urine  (100%  area  at  5.0  min). 

HPLC  at  60  min  p.i.  showed  an  increasing  area  for  the 
early  time  eluent(s),  indicating  that  the  tracer  had  been 
further  metabolized.  For  blood,  the  intact  tracer  decreased 
to  <60%,  and  it  further  dropped  to  23%,  40%  and  17% 
in  tumor,  liver  and  kidneys,  respectively.  The  second 
metabolite  eluted  at  about  14  min  for  liver  remained 
observable  with  an  increasing  area  (from  23%  to  43%).  In 
urine,  two  peaks  were  observed  at  3  and  4  min,  likely  to  be 
new  metabolites  derived  from  the  one  eluted  at  5  min  at 
30  min  p.i.  FIPLC  for  samples  collected  at  120  min  p.i. 
showed  further  decomposition  of  the  radio-labeled  tracer 
(data  not  shown). 

The  metabolic  stability  of  [64Cu]-DOTA-Aca-BBN(7-14) 
was  also  determined  in  mouse  blood,  urine,  tumor,  liver  and 
kidney  samples  30  and  60  min  p.i.  using  the  same  protocol. 
Efficiency  of  extraction  by  homogenizing  the  organs  was 
97.8%  to  81.6%,  and  efficiency  of  elution  was  between 
96.1%  and  75.0%,  as  shown  in  Table  2B.  Table  3B 
summarizes  the  relative  integrated  area  for  each  individual 
peaks  in  percentage  for  [64Cu]-DOTA-Aca-BBN(7-14). 
HPLC  of  the  radio-labeled  tracer  was  performed  immedi¬ 
ately  before  the  tracer  injection  as  the  0-min  data  point  for 
all  five  extractants.  It  showed  that  the  intact  tracer  had  an 
elution  time  of  approximately  18  min.  HPLC  of  those 
samples  were  performed,  eluents  were  collected  every  30  s 


for  gamma  counting  and  the  HPLC  spectra  were  recon¬ 
structed  using  the  counting  results  for  30  and  60  min. 

At  30  min  p.i.,  the  peak  for  intact  tracer  was  not 
observable  in  any  of  the  five  samples.  Blood  sample  showed 
two  broad  bands  at  19.5  (68%)  and  at  4-5  min  (total  32%). 
Urine  and  PC-3  tumor  samples  showed  one  peak  at  14.5  min 
and  another  weak  peak  at  4-5  min  with  higher  intensity. 
Liver  and  kidney  samples  showed  a  group  of  broad  bands 
with  identifiable  peaks  at  about  19,  15  (major  peak  for  liver, 
45%  area)  and  4  min  (major  peak  for  kidney,  52%  area).  At 
60  min  and  120  min  (data  not  shown)  p.i.,  HPLC  spectra 
showed  a  further  metabolism  for  the  injected  radio-tracer 
with  no  sign  of  the  intact  tracer  at  18.0  min  retention  time. 
Peaks  at  areas  of  low  retention  time  showed  increased 
percent  area.  For  blood  and  liver,  broader  band  consisted  of 
multiple  peaks  was  also  observed. 

Together,  these  results  for  both  [64Cu]-DOTA-[Lys3] 
BBN  and  [64Cu]-DOTA-Aca-BBN(7-14)  showed  that 
[64Cu]-DOTA-Aca-BBN(7-14)  has  extremely  low  metabolic 
stability  as  the  tracer  decomposed  sooner  than  30  min  after 
being  injected.  Alternatively,  [64Cu]-DOTA-[Lys3]BBN 
showed  a  moderate  metabolic  stability.  At  60  min  p.i., 
approximately  23%  of  the  tracer  remained  in  the  tumor. 
Further  work  has  yet  to  be  accomplished  to  identify  the 
metabolites  observed  in  these  experiments. 

3.5.  MicroPET  imaging 

Fig.  3A  showed  a  series  of  microPET  images  of  a  nude 
mouse  bearing  PC-3  tumor  on  the  right  shoulder  and  22Rvl 
tumor  on  the  left  shoulder  (not  seen  from  the  coronal  images 
shown)  after  injecting  approximately  300  pCi  (11.1  MBq) 
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of  [64Cu]-DOTA-[Lys3]BBN.  The  data  were  collected  using 
a  dynamic  sequence  from  0  to  60  min,  and  a  static  sequence 
at  2,  4,  12  and  18  h  p.i  (data  acquisition  protocol  was 
described  in  the  Materials  and  Methods  section).  Quantifi¬ 
cation  of  tracer  uptake  in  %lD/g  was  calculated  and  shown 
in  Fig.  3B.  It  has  been  shown  that  tracer  uptake  calculated 
from  noninvasive  microPET  imaging  is  comparable  to  that 
obtained  from  direct  tissue  sampling  [29].  Uptake  of  [64Cu]- 
DOTA-[Lys3]BBN  occurred  immediately  after  injection  for 
both  tumors  and  all  the  organs.  Maximum  uptake  was 
observed  at  15  min  for  both  tumors,  kidneys  and  muscle. 
Uptake  in  the  liver  reached  its  maximum  level  at  about  1  h 
p.i.  Uptake  in  PC-3  tumor  is  higher  than  that  in  22Rvl 
tumor  (%ID/g=5.8  for  PC-3  and  3.49,  P<01),  demonstrat¬ 
ing  that  this  tracer  was  able  to  target  the  GRPR  whose 
expression  level  is  high  in  PC-3  but  low  in  22Rvl  tumor.  It 
also  should  be  noted  that  kidney  uptake  was  the  highest 
among  all  the  ROIs  studied  here,  suggesting  that  excretion 
through  the  kidney/urine  is  likely  to  be  the  pathway  for  this 
tracer  to  be  metabolized. 

Significant  difference  in  uptake  behavior  was  observed 
for  [64Cu]-DOTA-Aca-BBN(7-14)  compared  to  that  for 
[64Cu]-DOTA-[Lys3]BBN  (Fig.  3C  and  D).  Uptake  on  PC- 
3  tumor  reached  maximum  (4.63%)  at  around  5  min  post 
injection  and  remained  to  be  below  3%  after  30  min  post 
injection.  Liver  uptake  was  significantly  higher  than  that  for 
other  organs  and  remained  as  high  as  9%ID/g  at  12  h  p.i. 
Renal  uptake  was  significantly  lower  than  that  for  the 
previous  tracer  [64Cu]-DOTA-[Lys3]BBN.  When  [64Cu]- 
DOTA-Aca-BBN(7-14)  was  coinjected  with  blocking  dose 
of  [Tyr4]BBN  (10  mg/kg),  the  activity  accumulations  in 
the  PC-3  tumor  and  pancreas  were  partially  inhibited, 
reflecting  the  low  receptor  affinity  of  the  truncated  peptide 
tracer  (data  not  shown). 

4.  Discussion 

Imaging  evaluation  of  prostate  cancer  continues  to  be 
challenging.  Current  imaging  tests,  including  ultrasound, 
computed  tomography,  magnetic  resonance  imaging  and 
1 1 1  In-capromab  pendetide  (ProstaScint)  are  not  sufficient  for 
exact  estimation  of  the  initial  tumor  stage,  detection  of  local 
recurrence  or  metastatic  disease.  Due  to  the  low  prolifera¬ 
tion  rate  of  prostate  cancer,  18F-FDG  accumulation  in  the 
primary  prostate  cancer  is  generally  low,  although  it  might 
be  useful  in  the  evaluation  of  advanced  AI  disease  and  in 
patients  with  high  Gleason  scores  and  serum  PSA  level,  in 
the  detection  of  active  osseous  and  soft  tissue  metastases 
and  in  the  assessment  of  response  after  androgen  ablation 
and  chemotherapies  [34,35],  nC-acetate  and  l8F-  or 
1  ^-labeled  choline  appear  to  be  more  or  less  equally  useful 
in  imaging  prostate  cancer  and  more  advantageous  than 
fluorodeoxyglucose  in  some  clinical  circumstances 
[36-38].  Overexpression  of  cell  surface  GRPR  protein  in 
a  large  variety  of  human  tumors,  including  Al  prostate 
cancers,  provides  the  basis  for  suitably  radiolabeled  BBN 


analogues  for  measurement  of  GRP  receptor  occurrence  and 
may  be  helpful  in  choosing  the  method  of  diagnosis  and 
treatment,  as  well  as  in  better  understanding  the  pathophys¬ 
iology  of  prostate  cancer. 

For  those  BBN  analogues  that  have  been  studied,  they 
can  be  categorized  to  two  different  types  based  on  their 
structures.  Type  A  includes  analogues  that  have  been 
truncated  and  only  a  portion  [usually  BBN(7-14)]  of  the 
peptide  was  retained.  Type  B  includes  analogues  that  have  a 
full  length,  while  one  or  more  amino  acid  residues  were 
selectively  replaced.  It  is  generally  recognized  that  the 
C-terminus  is  involved  in  receptor  binding  and  could  be 
more  stable  than  the  full-length  tetradecapeptide.  We  found 
that  truncated  peptide  sequence  had  lower  receptor  affinity 
than  [Lys3]BBN  and  that  64Cu-DOTA-Aca-BBN(7-14)  is 
less  metabolically  stable  than  64Cu-DOTA-[Lys3]BBN 
(Table  3).  The  half-life  in  blood  as  estimated  from  the 
extractable  fragment  was  about  1.7  h  for  [Lys3]BBN  and 
was  less  than  5  min  for  BBN(7-14).  HPLC  analysis  of  the 
metabolites  along  with  coinjection  of  the  predefined 
metabolites  is  needed  to  identify  the  degradation  products. 
The  knowledge  of  the  cleavage  sites  and  the  characterization 
of  the  metabolites  are  of  importance  because  this  knowledge 
will  allow  us  to  define  and  synthesize  peptides  of  enhanced 
metabolic  stability.  The  excessive  hepatobiliary  excretion  of 
the  truncated  peptide  should  also  be  given  particular 
attention,  given  that  several  proposed  GRPR-seeking  radio- 
tracers  are  based  on  the  BBN(7-14)  lipophilic  motif  and  are 
reported  to  lead  to  excessive  intestinal  radioactivity.  This 
effect,  in  combination  with  the  poor  metabolic  stability  of 
the  truncated  sequence,  may  hamper  the  detection  of  tumor 
deposits  in  the  abdomen. 

Internalization  of  64Cu-DOTA-[Lys3]BBN  into  PC-3 
cells  suggest  an  agonistic  nature  of  the  peptide.  The  rapid 
and  high  internalization  (—80%  of  total  cell-associated 
activity)  was  endocytosed  within  15  min,  which  is 
independent  from  the  peptide-to-receptor  ratio  (data  not 
shown).  Efflux  of  64Cu  activity  from  PC-3  cells  after 
internalization  of  labeled  [Lys3]BBN  showed  half-lives  of 
about  12  h,  which  is  much  longer  than  that  of 
l25I-[Tyr4]BBN  [19].  The  prolonged  intracellular  retention 
of  64Cu  in  tumor  cells  is  most  likely  due  to  the  lack  of  cell 
permeability  of  the  DOTA  conjugate  and  is  not  related  to  the 
metabolized  peptide  fractions. 

In  addition  to  PC-3  tumor,  pancreas  and  intestine  have 
also  been  reported  to  be  organs  with  high  expression  of 
GRPR.  The  high  pancreatic  and  tumor  uptakes  were 
effectively  reduced  in  the  animals  receiving  coinjection  of 
2  mg/kg  of  [Lys3]BBN.  Further  increase  of  blocking  dose  of 
[Lys3]BBN  had  minimal  effect  on  the  biodistribution 
pattern.  Different  from  previous  report  using  [99mTc]demo- 
besin  1  [28],  nonradiolabeled  BBN  failed  to  reduce  the 
uptake  of  64Cu-DOTA-[Lys3]BBN  in  the  intestinal  tract. 
The  high  receptor-mediated  tracer  uptake  in  the  pancreas  is 
a  major  concern  for  limiting  dose  calculations.  Further 
reduction  of  the  hepatobiliary  clearance  is  also  necessary  to 
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lower  the  background  radioactivity  for  better  imaging  of 
BBN-/GRPR-positive  cancers  and  their  metastases  located 
in  the  abdominal  area. 

The  predominant  excretion  pathway  of  64Cu-DOTA- 
[Lys3]BBN  is  through  the  kidneys  into  the  urine,  wherein 
around  70-80  %ID  was  collected  within  the  first  30  min.  All 
radioactivity  found  in  the  urine  is  in  the  form  of  two  major 
metabolites,  with  no  traces  of  intact  64Cu-DOTA- 
[Lys3]BBN  present.  64Cu-DOTA-[Lys3]BBN  is  not  stable 
during  incubation  in  murine  plasma  either  (data  not  shown). 
Less  than  40%  of  intact  peptide  tracer  was  detectable  after 
30  min  and  less  than  2%  left  after  20-h  incubation.  The 
metabolites  seem  to  form  mainly  in  the  kidneys  as  only  26% 
intact  tracer  at  30  min  p.i.  and  17%  at  1  h  p.i.  The  persistent 
renal  activity  accumulation  may  be  explained  by  the  fact 
that  the  radiolabeled  peptide  was  filtered  by  the  renal 
glomerulus  and  following  interaction  with  anionic  charges 
on  cell  membranes. 

Recently,  a  cross-bridged  ligand  tetraazamacrocycle 
4, 1 1 -bis(carboxymethoxymethyl)- 1 ,4,8, 1 1 -tetraazabicyclo 
(6.6.2)hexadecane  (CB-TE2A)  was  developed  and  found  to 
have  improved  kinetic  stability  both  in  vitro  and  in  vivo 
compared  with  DOTA  and  TETA  complexes  [39-42],  In 
particular,  direct  comparison  between  64Cu-CB-TE2A-Y3- 
TATE  and  64Cu-TETA-Y3-TATE  for  microPET  imaging  of 
somatostatin  receptor-positive  tumors  showed  increased 
tumor  detection  sensitivity  of  the  cross-bridge  peptide 
complex.  We  suggest  that  64Cu-CB-TE2A-[Lys3]BBN 
may  be  more  kinetically  inert  and  results  in  additional 
improvement  in  tumor  targeting  and  in  vivo  kinetics,  as 
compared  to  the  title  compound  evaluated  in  this  study. 

Despite  the  success  of  64Cu-DOTA-[Lys3]BBN  to  detect 
GRPR  positive  PC-3  tumor  in  a  subcutaneous  xenograft 
model,  it  is  unknown  whether  the  same  tracer  can  be  applied 
to  visualize  ortho  topic  prostate  cancer  model.  The  back¬ 
ground  signal  in  the  intestinal  tract  and  rapid  clearance  of 
metabolized  radioligand  into  the  urinary  bladder  may 
significantly  interfere  with  the  receptor-mediated  activity 
accumulation  in  the  prostate  gland.  It  is  also  unknown 
whether  the  same  tracer  can  be  applied  to  delineate  prostate 
cancer  bone  and  lymph  node  metastases. 

5.  Conclusion 

In  conclusion,  the  data  presented  suggests  that 
64Cu-DOTA-[Lys3]BBN  has  high  affinity  for  GRPR  and 
moderate  metabolic  stability,  results  in  specific  tumor 
localization  and  exhibits  good  imaging  characteristics  with 
good  tumor-to-background  ratios.  64Cu-DOTA-[Lys3]BBN 
is  also  superior  to  64Cu-DOTA-Aca-BBN(7-14)  for 
GRPR-positive  tumor  targeting.  64Cu-DOTA-[Lys3]BBN 
has  the  potential  to  be  translated  into  clinical  settings  in 
healthy  volunteers  for  defining  tracer  biodistribution, 
stability,  pharmacokinetics  and  radiation  dosimetry  and 
in  cancer  patients  for  lesion  detection  and  quantification  of 
GRPR  level. 
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The  gastrin-releasing  peptide  receptor  (GRPR)  is  found  to  be 
overexpressed  in  a  variety  of  human  tumors.  The  aim  of  this 
study  was  to  develop  18F-labeled  bombesin  analogs  for  PET 
of  GRPR  expression  in  prostate  cancer  xenograft  models. 
Methods:  [Lys3]Bombesin  ([Lys3]BBN)  and  aminocaproic  acid- 
bombesin(7-14)  (Aca-BBN(7-14))  were  labeled  with  18F  by  cou¬ 
pling  the  Lys3  amino  group  and  Aca  amino  group,  respectively, 
with  A/-succinimidyl-4-18F-fluorobenzoate  (18F-SFB)  under  slightly 
basic  condition  (pH  8.5).  Receptor-binding  affinity  of  FB- 
[Lys3]BBN  and  FB-Aca-BBN(7-14)  was  tested  in  PC-3  human 
prostate  carcinoma  cells.  Internalization  and  efflux  of  both  radio- 
tracers  were  also  evaluated.  Tumor-targeting  efficacy  and  in  vivo 
kinetics  of  both  radiotracers  were  examined  in  male  athymic 
nude  mice  bearing  subcutaneous  PC-3  tumors  by  means  of 
biodistribution  and  dynamic  microPET  imaging  studies.  18F-FB- 
[Lys3]BBN  was  also  tested  for  orthotopic  PC-3  tumor  delineation. 
Metabolic  stability  of  18F-FB-[Lys3]BBN  was  determined  in  mouse 
blood,  urine,  liver,  kidney,  and  tumor  homogenates  at  1  h  after  in¬ 
jection.  Results:  The  typical  decay-corrected  radiochemical  yield 
was  about  30%-40%  for  both  tracers,  with  a  total  reaction  time  of 
150  ±  20  min  starting  from  18F~.  18F-FB-[Lys3]BBN  had  moderate 
stability  in  the  blood  and  PC-3  tumor,  whereas  it  was  degraded 
rapidly  in  the  liver,  kidneys,  and  urine.  Both  radiotracers  exhibited 
rapid  blood  clearance.  18F-FB-[Lys3]BBN  had  predominant  renal 
excretion.  18F-FB-Aca-BBN(7-14)  exhibited  both  hepatobiliary 
and  renal  clearance.  Dynamic  microPET  imaging  studies  revealed 
that  the  PC-3  tumor  uptake  of  18F-FB-[Lys3]BBN  in  PC-3  tumor 
was  much  higher  than  that  of  18F-FB-Aca-BBN(7-14)  at  all  time 
points  examined  (P  <  0.01).  The  receptor  specificity  of  18F-FB- 
[Lys3]BBN  in  vivo  was  demonstrated  by  effective  blocking  of 
tumor  uptake  in  the  presence  of  [TyHjBBN.  No  obvious  blockade 
was  found  in  PC-3  tumor  when  18F-FB-Aca-BBN(7-14)  was  used 
as  radiotracer  under  the  same  condition.  18F-FB-[Lys3]BBN  was 
also  able  to  visualize  orthotopic  PC-3  tumor  at  early  time  points 
after  tracer  administration,  at  which  time  minimal  urinary  bladder 
activity  was  present  to  interfere  with  the  receptor-mediated  tumor 
uptake.  Conclusion:  This  study  demonstrates  that  18F-FB- 
[Lys3]BBN  and  PET  are  suitable  for  detecting  GRPR-positive  pros¬ 
tate  cancer  in  vivo. 
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X  ^  euroendocrine  (NE)  cells  are  believed  to  play  a  para¬ 
crine  regulatory  role  in  the  prostate  (7).  Prostatic  NE  cells 
contain  abundant  secretory  granules  filled  with  numerous 
bioactive  compounds  collectively  called  NE  products  (NEP) 
(2).  In  particular,  members  of  the  gastrin-releasing  peptide 
(GRP)  family  and  its  analog  bombesin  (BBN)  have  been 
implicated  in  the  biology  of  several  human  malignancies, 
including  lung,  colon,  breast,  and  prostate  cancers  (7-4).  To 
date,  3  mammalian  GRP/BBN  receptor  subtypes  have  been 
cloned  and  characterized:  the  GRP  receptor  (GRPR),  the 
BBN-receptor  subtype  3  (BRS-3),  and  the  neuromedin-B 
receptor  (NMBR)  (5).  Only  GRPR  was  found  in  prostate 
carcinoma  (<5),  although  NMBR  and  BSR-3  have  been  found 
in  other  cancer  types  (7,8).  Antagonists  of  GRPR  are  de¬ 
signed  to  bind  to  human  GRPR  with  high  affinity  and  block 
the  receptor-activated  signal  transduction  pathways  and, 
thus,  inhibit  the  growth  of  prostate  cancer  both  in  vitro  and  in 
vivo  (9).  GRP/BBN  analogs  have  also  been  used  as  carriers 
to  deliver  drugs,  radionuclides,  and  toxins  to  target  prostate 
carcinoma  and  other  cancer  types  that  are  GRPR  positive 
(10,11).  Therefore,  the  ability  to  document  GRPR  density  in 
vivo  is  cmcial  for  the  application  of  GRPR-targeted  drug 
delivery. 

Being  the  most  widely  applied  radionuclide  for  diagnos¬ 
tic  purposes,  a  great  deal  of  research  has  been  done  to  de¬ 
velop  "mTc-  and  11 'In-labeled  BBN-like  peptides  involving 
a  wide  range  of  chelators,  peptide  sequences,  and  bifunc¬ 
tional  linkers  (72).  To  date,  2  of  the  de  novo  radiolabeled 
GRP-like  peptides,  RP527  (13)  and  the  BN1  (74),  are  under 
clinical  evaluation  with  satisfactory  results.  In  addition,  90Y, 
188Re,  and  177Lu  have  been  used  to  radiolabel  BBN  analogs 
for  potential  peptide  receptor  radiotherapy  applications 
(15,16). 

PET  for  cancer  imaging  of  GRPR  status  in  vivo  has  been 
less  studied.  Rogers  et  al.  developed  a  truncated  form  of  a 
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64Cu  (half-life  [t1/2]  =  12.7  h;  [3+,  17.4%)-labeled  BBN 
analog,  64Cu-DOTA-Aoc-BBN(7-14)  (Aoc  is  8-aminooctanoic 
acid),  for  microPET  imaging  of  an  androgen-independent  PC-3 
tumor  xenograft  model  (77).  Incorporation  of  a  poly(ethylene 
glycol)  (PEG)  linker  (molecular  weight  3,400)  resulted  in 
significantly  reduced  receptor  avidity  and  lower  receptor  spe¬ 
cific  activity  accumulation  in  vivo  (18).  We  recently  reported 
the  synthesis  and  pharmacologic  evaluation  of  another  64Cu- 
labeled  BBN  analog,  64Cu-DOTA-[Lys3]BBN,  for  targeting 
GRPR  expression  in  both  PC-3  and  22RV1  tumor  models 
(79).  Very  recently,  another  BBN  analog,  [D-Tyr6, (3-Ala1 
Thi13,Nle14]BBN(6-14)  amide  (BZH3),  was  conjugated  with 
1 ,4,7, 1 0-tetraazacyclododecane-AGVyV'  ',N' ' '  -tetraacetic  acid 
(DOTA)  through  a  PEG2  linker  and  labeled  with  68Ga  (t1/2  = 
68  min;  (3  ,  88%),  obtained  from  a  68Ge/68Ga  generator  for 
imaging  AR42J  rat  pancreatic  cancer-bearing  nude  mice  (20). 

18F  (t1/2  =  109.7  min;  (3+,  99%)  is  an  ideal  short-lived 
PET  isotope  for  labeling  small  molecular  recognition  units 
such  as  antigen-  binding  domain  of  antibody  fragments  and 
small  biologically  active  peptides  (27).  I8F-Labeled  pros¬ 
thetic  groups  such  as  /V-  s u c c  i  n  i  m  i  d y  I  - 4 - 1 8 F - fl  u  o r o h e n z o a t e 
(18F-SFB)  have  been  developed,  which  can  be  attached  to 
either  N-terminal  or  lysine  s-amino  groups  with  little  or  no 
loss  of  bioactivity  of  the  peptide  ligand  (22,23).  In  the 
present  study,  we  labeled  both  [Lys3jbombesin  ([Lys3]BBN) 
and  aminocaproic  acid-bombesin(7-14)  (Aca-BBN(7-14)) 
with  18F  for  GRPR  imaging  of  subcutaneous  and  orthotopic 
PC-3  tumor  models  with  PET. 

MATERIALS  AND  METHODS 
Materials 

All  chemicals  obtained  commercially  were  used  without  further 
purification.  [Lys3]BBN  and  Aca-BBN(7-14)  were  synthesized 
using  solid-phase  Fmoc  chemistry  by  American  Peptide,  Inc.  No- 
carrier-added  18F  was  obtained  from  PETNET  Inc.  The  received 
l8F“  was  trapped  on  an  anion-exchange  resin  and  eluted  with  0.5  mL 
K2CO3  (2  mg/mL  in  H20)  combined  with  1  mL  Kryptofix  2.2.2. 
(Sigma-Aldrich)  (10  mg/mL  in  acetonitrile).  The  semipreparative 
reversed-phase  high-performance  liquid  chromatography  (HPLC) 
system  has  been  described  elsewhere  (24). 

Chemistry  and  Radiochemistry 

4-Fluorobenzoyl-bombesin  analogs  (FB-[Lys3]BBN  and  FB- 
Aca-BBN(7-14))  were  synthesized  as  reference  standards.  In  brief, 
an  equimolar  amount  of  SFB  (in  acetonitrile)  and  [Lys3]BBN  or 
Aca-BBN(7-14)  (in  FLO)  was  mixed  and  the  pH  was  adjusted 
to  8.3  by  addition  of  0.1N  sodium  borate  buffer.  The  reaction 
mixture  was  incubated  at  40°C  for  80  min  and  then  quenched  by 
trifluoroacetic  acid  (TFA).  Semipreparative  HPLC  purification 
gave  the  desired  products.  The  HPLC  retention  times  were  around 
20.8  min  for  FB-[Lys3]BBN  and  19.1  min  for  FB-Aca-BBN(7-14), 
respectively. 

4-18F-Fluorobenzoyl-[Lys3]bombesin  (18F-FB-[Lys3]BBN)  and 
4-18F-fluorobenzoyl-Aca-bombesin(7-14)  (18F-FB-Aca-BBN(7- 
14))  were  synthesized  by  coupling  the  corresponding  BBN  peptide 
with  18F-SFB  (25-27).  18F-SFB  was  purified  by  semipreparative 
HPLC,  concentrated  to  about  200  p,L,  and  added  to  [Lys3]BBN  or 
Aca-BBN(7-14)  peptide  (200  p-g)  in  800  pL  of  sodium  borate 


buffer  (50  mmol/L,  pH  8.5).  The  reaction  mixture  was  gently 
mixed  at  40°C  for  30  min.  Final  purification  was  accomplished 
by  semipreparative  HPLC  and  the  tracers  were  reconstituted  in 
phosphate-buffered  saline  (PBS,  pH  7.4)  and  passed  through  a 
0.22-pm  Millipore  filter  (Millipore  Corp.)  for  in  vivo  applications. 

In  Vitro  Cell-Binding  Assay 

The  PC-3  human  prostate  carcinoma  cell  line  was  purchased 
from  American  Type  Culture  Collection.  PC-3  cells  were  grown  in 
F-12K  nutrient  mixture  (Kaighn’s  modification)  (Invitrogen  Corp.) 
supplemented  with  10%  (v/v)  fetal  bovine  serum  (FBS)  (Invitrogen 
Corp.)  at  37°C  with  5%  C02.  In  vitro  binding  affinity  and  spec¬ 
ificity  of  FB-BBN  analogs  for  GRPR  were  evaluated  using  com¬ 
petitive  receptor-binding  assay.  l25I-[Tyr4]BBN  (Perkin-Elmer 
Life  Science  Products,  Inc.;  specific  activity,  74  TBq/mmol)  was 
used  as  the  GRPR-specific  radioligand.  Experiments  were  performed 
as  described  previously  (79).  The  50%  inhibitory  concentration 
(IC50)  value  for  the  displacement  binding  of  l25I-[Tyr4]BBN  by 
those  ligands  was  calculated  by  nonlinear  regression  analysis  using 
GraphPad  Prism  software  (Graph-Pad  Software  Inc.).  All  experi¬ 
ments  were  performed  twice  with  triplicate  samples. 

Internalization  and  Efflux  Studies 

Internalization  and  efflux  of  18F-FB-[Lys3]BBN  and  l8F-FB- 
Aca-BBN(7-14)  into  PC-3  cells  were  examined  following  a  pro¬ 
tocol  reported  earlier  (19).  The  data  was  normalized  as  percentage 
of  the  total  amount  of  radioactivity  added  per  cell. 

Animal  Models 

All  animal  experiments  were  performed  under  a  protocol  ap¬ 
proved  by  the  Stanford  University  Administrative  Panel  on  Lab¬ 
oratory  Animal  Care  (A-PLAC).  Both  subcutaneous  and  orthotopic 
tumor  model  were  established  in  4-  to  6-wk-old  male  athymic 
nit/im  mice  (Harlan).  For  the  subcutaneous  prostate  cancer  model, 
5  x  106  PC-3  cells  suspended  in  50  p,L  serum-free  F-12K  medium 
and  50  p.L  Matrigel  (BD  Biosciences)  were  injected  into  the  right 
shoulder  of  the  mice.  For  the  orthotopic  PC-3  tumor  model,  5  x  105 
cells  in  20  p,L  PBS  were  injected  into  the  prostate  gland  of  male 
nude  mice.  The  prostate  of  anesthetized  mice  was  exposed  through 
a  midline  laparotomy  incision  and  by  retraction  of  the  bladder  and 
male  sex  accessory  glands  anteriorly.  Injection  of  cells  was  per¬ 
formed  with  a  27-gauge  needle  inserted  into  the  prostatic  lobe 
located  at  the  base  of  the  seminal  vesicles  as  described  (28).  The 
abdominal  wound  was  sutured  using  a  4.0  chromic  gut  suture  in  a 
running  fashion. 

Biodistribution 

The  subcutaneous  tumor-bearing  mice  were  used  for  biodis¬ 
tribution  when  the  tumor  volume  reached  300^100  mm3  (3-4  wk 
after  inoculation).  Three  mice  were  each  injected  intravenously 
with  about  370  kBq  (10  p,Ci)  18F-FB-[Lys3]BBN  or  l8F-FB-Aca- 
BBN(7-14).  The  mice  were  sacrificed  at  60  min  after  injection 
and  the  body  weight  was  recorded.  Blood,  tumor,  major  organs, 
and  tissues  were  collected,  wet  weighed,  and  counted  by 
y-counter.  The  percentage  of  injected  dose  per  gram  (%ID/g)  was 
determined  for  each  sample.  For  each  mouse,  radioactivity  of  the 
tissue  samples  was  calibrated  against  a  known  aliquot  of  radio- 
tracer.  Values  are  expressed  as  mean  ±  SD.  To  test  the  specific 
binding  of  the  radiotracers  to  PC-3  tumor,  GRPR-blocking  studies 
were  performed  by  examining  the  biodistribution  of  each  radio- 
labeled  tracer  in  the  presence  of  [Try4]BBN  as  a  blocking  agent 
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(10  mg/kg  mice  body  weight).  Mice  were  also  sacrificed  at  60  min 
after  injection  (n  =  3). 

microPET  Imaging  and  Image  Analysis 

microPET  scans  were  performed  on  a  microPET  R4  rodent 
model  scanner  (Concorde  Microsystems  Inc.).  The  scanner  has  a 
computer-controlled  bed  and  10.8-cm  transaxial  and  8-cm  axial 
fields  of  view  (FOVs).  It  has  no  septa  and  operates  exclusively  in 
the  3-dimensional  (3D)  list  mode.  Animals  were  placed  near  the 
center  of  the  FOV  of  the  scanner,  where  the  highest  image  reso¬ 
lution  and  sensitivity  are  available.  The  microPET  studies  were 
performed  by  tail-vein  injection  of  3.7  MBq  (100  |xCi)  of 
radiotracer  (18F-FB-[Lys3]BBN  or  18F-FB-Aca-BBN(7-14))  under 
isoflurane  anesthesia.  The  60-min  dynamic  (5x1  min,  5x2  min, 
5x3  min,  6x5  min)  microPET  data  acquisition  (total  of  21 
frames)  was  started  4  min  after  injection.  Static  images  at  2.5-,  3-, 
and  4-h  time  points  were  also  acquired  as  10-min  static  images. 
The  images  were  reconstructed  by  a  2-dimensional  ordered- 
subsets  expectation  maximum  (OSEM)  algorithm  and  no  correc¬ 
tion  was  necessary  for  attenuation  or  scatter  (29). 

For  each  microPET  scan,  regions  of  interest  (ROIs)  were  drawn 
over  the  tumor,  normal  tissue,  and  major  organs  by  using  vendor 
software  (ASI  Pro  5.2.4.0)  on  decay-corrected  whole-body  coro¬ 
nal  images.  The  maximum  radioactivity  concentration  (accumu¬ 
lation)  within  a  tumor  or  an  organ  was  obtained  from  mean  pixel 
values  within  the  multiple  ROI  volume,  which  were  converted  to 
counts/mL/min  by  using  a  conversion  factor.  Assuming  a  tissue 
density  of  1  g/mL,  the  ROIs  were  converted  to  counts/g/min  and 
then  divided  by  the  administered  activity  to  obtain  an  imaging 
ROI-derived  %ID/g. 

Metabolic  Stability 

Male  mice  bearing  PC-3  tumors  were  injected  intravenously 
with  3.7  MBq  of  18F-FB-[Lys3]BBN.  The  animals  were  sacrificed 
and  dissected  at  60  min  after  injection  Blood,  urine,  liver,  kidneys, 
and  tumor  were  collected.  Blood  was  immediately  centrifuged  for 
5  min  at  13,200  rpm.  Organs  were  homogenized  using  an  IKA 
Ultra-Turrax  T8  (IKA  Works  Inc.),  suspended  in  1  mL  of  PBS,  and 
centrifuged  for  5  min  at  13,200  rpm.  After  removal  of  the  super¬ 
natants,  the  pellets  were  washed  with  500  pL  of  PBS.  For  each 
sample,  supernatants  of  both  centrifugation  steps  were  combined 
and  passed  through  Sep-Pak  Cig  cartridges.  The  urine  sample  was 
directly  diluted  with  1  mL  of  PBS  and  passed  through  Sep-Pak 
Clg  cartridge.  The  cartridges  were  washed  with  2  mL  of  FLO 
and  eluted  with  2  mL  of  acetonitrile  containing  0.1%  TFA.  The 
combined  aqueous  and  organic  solutions  were  concentrated  to  about 
1  mL  by  rotary  evaporation,  passed  through  a  0.22- pm  Millipore 
filter,  and  injected  onto  an  analytic  HPLC  column  at  a  flow  rate  of 
1  mL/min  using  the  gradient  described  earlier.  Radioactivity  was 
monitored  using  a  solid-state  radiation  detector.  At  the  same  time, 
the  eluent  was  also  collected  by  a  fraction  collector  (0.5  min / 
fraction),  and  the  activity  of  each  fraction  was  measured  by  the 
y-counter.  The  HPLC  analysis  was  performed  in  duplicate  and  the 
extraction  efficiency  was  determined  in  triplicate.  Data  obtained 
from  the  "/-counter  were  plotted  to  reconstruct  the  HPLC  chro¬ 
matograms.  Control  experiments  were  also  performed  to  test  the 
extraction  and  elution  efficiency  by  adding  18F-FB-[Lys3]BBN 
directly  to  the  same  tissue  samples. 

microCT  Imaging 

To  perform  a  microCT  scan,  an  anesthetized  male  nude  mouse 
bearing  an  orthotopic  PC-3  tumor  (4-6  wk  after  inoculation)  was 


mounted  on  a  turntable  bed  that  could  be  moved  automatically  in 
the  axial  direction.  The  high-resolution  3D  images  were  obtained 
by  a  commercial  microCAT  II  system  (ImTek  Inc.).  This  scanner 
uses  a  SourceRay  SB-80-50  x-ray  tube  with  about  40-pm  focal 
spot  providing  30-pm  resolution  in  high-resolution  configuration. 
A  total  of  220  rotation  steps  was  taken  over  220°  with  one  axial 
bed  position.  A  standard  convolution-backprojection  procedure 
with  a  Shepp-Logan  filter  was  used  to  reconstruct  the  CT  images 
in  512  x  512  pixel  matrices. 

microPET  and  microCT  Image  Fusion 

For  the  microPET  and  microCT  coregistration,  we  used  a 
narrow-band  approach,  which  is  a  hybrid  method  combining  the 
advantages  of  pixel-based  and  distance-based  registration  tech¬ 
niques  (30).  In  essence,  this  technique  is  a  2-step  image  registra¬ 
tion  in  which  the  tumor  to  be  registered  is  first  represented  by  a 
data  structure  containing  the  signed  distance  values  from  its 
boundaries,  followed  by  an  image  registration  using  a  pixel-based 
metric.  The  optimization  aligns  the  zero  set  of  the  narrow  band 
obtained  from  the  CT  images  with  the  tumor  gradients  in  the  PET 
dataset,  eliminating  the  assumption  of  uniform  pixel  intensities 
within  one  organ  used  in  the  mutual  information  (MI)  approach.  In 
our  setup,  the  normalized  correlation  was  used  as  the  metric  and  a 
gradient-based  algorithm  was  used  to  find  the  optimal  match. 

Histology 

After  imaging,  both  subcutaneous  and  orthotopic  tumors  were 
dissected  for  histology  to  verify  tumor  pathology.  Tumor  tissues 
were  frozen  at  —  80°C  in  optimal  cutting  temperature  (OCT) 
medium.  Frozen  sections  (5  pan;  Leica  Microsystems,  Inc.)  were 
fixed  in  acetone  at  —  20°C  for  15  min  and  air-dried  overnight 
(4°C).  They  were  then  stained  with  hematoxylin-eosin  (BD  Bio¬ 
sciences).  Slides  were  examined  under  a  ZEISS  AxioVert  25  re¬ 
search  microscope  (Carl  Zeiss)  equipped  with  a  ZEISS  digital 
camera  (model  AxioCam  MRc5)  and  captured  with  MRGrab 
1. 0.0.4  (Carl  Zeiss  vision  GmbH)  software. 

Statistical  Analysis 

Quantitative  data  are  expressed  as  mean  ±  SD.  Means  were 
compared  using  1-way  ANOVA  and  the  Student  t  test.  P  values  < 
0.05  were  considered  significant. 

RESULTS 

Radiosynthesis 

l8F-Fluorination  of  bombesin  analogs  ([Lys3]BBN  and 
Aca-BBN(7-14))  were  achieved  via  18F-SFB  (Fig.  1). 
Starting  with  18F-F“  in  Kryptohx  2.2.2./K2C03  solution, 
the  total  reaction  time,  including  final  HPLC  purification, 
was  about  150  ±  20  min.  The  overall  radiochemical  yield 
with  decay  correction  was  31.4%  ±  4.6%  (n  =  12).  The 
radiochemical  purity  of  the  labeled  peptides  was  >98%  ac¬ 
cording  to  analytic  HPLC.  The  specific  activity  of  18F-SFB 
was  estimated  by  radio-HPLC  to  be  200  —  250  TBq/mmol. 
18F-FB-[Lys3]BBN  and  18F-FB-Aca-BBN(7-14)  were  well 
separated  from  [Lys3]BBN  and  Aca-BBN(7-14),  respec¬ 
tively,  rendering  the  specific  activity  of  these  2  PET  tracers 
virtually  the  same  as  that  of  18F-SFB. 
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FIGURE  1.  Schematic  structures  of 
18F-FB-Aca-BBN(7-1 4)  and  18F-FB- 
[Lys3]BBN. 


In  Vitro  Receptor-Binding  Assay 

The  binding  affinities  of  [Lys3]BBN,  Aca-BBN(7-14), 
FB-[Lys3]BBN,  and  FB-Aca-BBN(7-14)  for  GRPR  were 
evaluated  for  PC-3  cells.  Results  of  the  cell-binding  assay 
were  plotted  in  sigmoid  curves  for  the  displacement  of 
125I-[Tyr4]BBN  from  PC-3  cells  as  a  function  of  increasing 
concentration  of  bombesin  analogs.  The  IC50  values  were 
determined  to  be  3.3  ±  0.4  nmol/L  for  [Lys3]BBN,  20.8  ± 
0.3  nmol/L  for  Aca-BBN(7-14),  5.3  ±  0.6  nmol/L  for  FB- 
[Lys3]BBN,  and  48.7  ±  0.1  nmol/L  for  FB-Aca-BBN(7-14) 
on  1  x  105  PC-3  cells.  [Lys3]BBN  with  the  full  sequence 
of  the  bombesin  peptide  is  substantially  more  potent  than 
Aca-BBN(7-14)  with  the  truncated  sequence.  Coupling  of 
the  fluorobenzoyl  group  had  a  minimal  effect  on  the  binding 
affinity  for  both  compounds. 

Internalization  and  Efflux  Studies 

The  results  for  the  internalization  of  both  tracers,  18F- 
FB-[Lys3]BBN  and  18F-FB-Aca-BBN(7-14),  are  shown  in 
Figure  2A.  For  both  tracers,  internalization  occurred  during 
5  min  of  incubation  after  the  preincubation  step:  51%  for 
18F-FB-[Lys3]BBN  and  58%  for  18F-FB-Aca-BBN(7-14), 
respectively.  After  approximately  15  min  of  incubation,  in¬ 
ternalization  of  both  tracers  reached  a  maximum  (85%  for 
18F-FB-[Lys3]BBN  and  60%  for  18F-FB-Aca-BBN(7-14)) 
and  then  decreased  slowly  through  120  min  of  incubation 
(61%  for  1 8F-FB- [Ly s3]BBN  and  50%  for  l8F-FB-Aca- 
BBN(7-14)  at  120  min).  When  blocked  with  200  |xmol/L 
of  [Tyr4]BBN,  the  nonspecific  uptake  for  both  tracers  was 
<10%  over  the  incubation  period  (data  not  shown). 


Efflux  studies  were  performed  for  up  to  3  h  of  incubation 
to  further  characterize  both  tracers  (Fig.  2B).  18F-FB-[Lys3] 
BBN  and  18F-FB-Aca-BBN(7-14)  tracers  exhibited  similar 
efflux  curves.  After  30  min  of  incubation,  approximately 
54%  of  18F-FB-[Lys3]BBN  had  effluxed  out  of  the  cells.  At 
the  end  of  the  3-h  incubation  period,  approximately  77%  of 
the  radiotracer  had  effluxed.  For  l8F-FB-Aca-BBN(7-14) 
tracer,  after  30  min  of  incubation,  approximately  39%  of 
the  radioactivity  effluxed  out  of  the  PC-3  cells  and,  after  3  h 
of  incubation,  approximately  83%  of  the  radioactivity  had 
effluxed.  The  efflux  rate  of  18F-FB-Aca-BBN(7-14)  is 
faster  than  that  of  18F-FB-[Lys3]BBN,  which  might  be 
due  to  the  lower  affinity  of  18F-FB-Aca-BBN(7-14)  for  the 
GRPR  than  18F-FB-[Lys3]BBN,  as  determined  from  the  in 
vitro  cell-binding  assay. 

Biodistribution 

Biodistribution  of  18F-FB-[Lys3]BBN  and  18F-FB-Aca- 
BBN(7-14)  was  evaluated  in  athymic  nude  mice  bearing 
subcutaneous  PC-3  tumors.  The  results  were  shown  in 
Figure  3.  For  18F-FB-[Lys3]BBN  (Fig.  3A),  the  tumor  up¬ 
take  was  5.94  ±  0.78  %ID/g  at  60  min  after  injection, 
which  decreased  to  0.50  ±0.11  %ID/g  in  the  presence  of  a 
blocking  dose  of  [Tyr4 1 B B N  (10  mg/kg  mice  body  weight). 
[Tyr4]BBN  was  also  able  to  substantially  reduce  the  activity 
accumulation  in  the  pancreas,  intestines,  and  kidneys, 
demonstrating  that  these  organs  are  also  GRPR  positive. 
Increased  uptake  in  the  lung,  liver,  and  spleen  was  ob¬ 
served.  For  18F-FB-Aca-BBN(7-14)  (Fig.  3B),  the  tumor 
uptake  (0.43  ±0.18  %ID/g  at  60  min  after  injection)  was 
more  than  one  order  of  magnitude  lower  than  that  for 
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FIGURE  2.  Comparison  of  internalization  (A)  and  efflux  rate 
(B)  of  18F-FB-[Lys3]BBN  and  18F-FB-Aca-BBN(7-14)  using  PC-3 
cells.  Data  are  from  2  experiments  with  triplicate  samples  and 
are  expressed  as  mean  ±  SD. 

18F-FB-[Lys3]BBN.  A  blocking  dose  of  [Tyr^BBN  de¬ 
creased  the  uptake  of  18F-FB-Aca-BBN(7-14)  in  the  tumor, 
pancreas,  and  intestines,  whereas  the  uptake  in  the  liver, 
kidneys,  and  lung  was  increased.  Tumor-to-nontarget  ratios 
of  l8F-FB-[Lys3]BBN  were  significantly  higher  than  those  of 
18F-FB-Aca-BBN(7-14)  for  all  organs  and  tissues  examined 
(P  <  0.001)  (Fig.  3C). 

Dynamic  microPET  Imaging  of  Subcutaneous  PC-3 
Tumor  Model 

The  dynamic  microPET  scans  were  performed  on  the 
subcutaneous  PC-3  tumor  model  with  18F-FB-[Lys3]BBN 
and  18F-FB-Aca-BBN(7-14).  Selected  coronal  images  at 
different  time  points  after  administration  of  the  appropriate 
tracers  are  shown  in  Figure  4  for  comparison.  Tumor  con¬ 
trast  was  observed  as  early  as  10  min  after  injection  for 
both  radiotracers.  The  tumor  uptake  of  18F-FB-[Lys3]BBN 
was  3.50,  3.68,  and  2.61  %ID/g  at  10,  30,  and  60  min  after 
injection,  respectively.  The  tumor-to-contralateral  back¬ 
ground  (muscle)  ratio  was  3.95  at  60  min  after  injection 
Time-activity  curves  derived  from  the  60-min  dynamic 


FIGURE  3.  Biodistribution  of  18F-FB-[Lys3]BBN  (A)  and  18F- 
FB-Aca-BBN(7-14)  (B)  in  male  athymic  nude  mice  bearing 
subcutaneous  PC-3  tumors.  Mice  were  injected  intravenously 
with  370  kBq  of  radioligand  with  or  without  the  presence 
of  [Tyr4]BBN  at  10  mg/kg  mice  body  weight  and  euthanized  at 
60  min  after  injection.  (C)  Tumor-to-nontarget  ratios  of  2  radio- 
tracers  resulting  from  the  biodistribution  are  also  shown.  Data 
are  presented  as  mean  %ID/g  ±  SD  (n  =  3). 

microPET  scan  showed  that  18F-FB-[Lys3]BBN  was  ex¬ 
creted  predominantly  through  the  renal  route  (Fig.  5A). 
Liver  had  low  initial  uptake  (5.15  %ID/g  at  5  min  after 
injection)  and  the  radioactivity  was  also  washed  out  rapidly 
(1.75  %ID/g  at  1  h  after  injection).  The  activity  accumu¬ 
lation  in  the  kidneys  was  moderately  low  at  early  time 
points  (4.85  %ID/g  at  5  min  after  injection)  but  rapidly 
increased  to  47.00  %ID/g  at  50  min  after  injection  followed 
by  a  steep  decline  afterward  (28.49  %ID/g  at  60  min  and 
1.01  %ID/g  at  2  h  after  injection).  Compared  with  18F-FB- 
[Lys3]BBN,  18F-FB-Aca-BBN(7-14)  had  a  significantly 
lower  tumor  uptake,  which  corroborates  the  biodistribution 
results  obtained  from  direct  tissue  sampling.  The  tumor 
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FIGURE  4.  microPET  images  of  athymic  nude  mice  bearing 
PC-3  tumor  on  the  right  shoulder.  Coronal  images  (decay 
corrected  to  time  of  tracer  injection)  were  collected  at  multiple 
time  points  after  injection  of  18F-FB-[Lys3]BBN  (A)  or  18F-FB- 
Aca-BBN(7-14)  (B)  (370  kBq/mouse).  (C)  Transaxial  microPET 
images  of  PC-3  tumor-bearing  mice  at  1  h  after  tail  vein 
injection  of  3.7  MBq  of  18F-FB-[Lys3]BBN  in  absence  (Control) 
and  presence  (Block)  of  coinjected  blocking  dose  of  [Try4]BBN 
(10  mg/kg  mice  body  weight).  Tumors  are  indicated  by  white 
arrows  in  all  cases. 


uptake  of  18F-FB-Aca-BBN(7-14)  was  0.92,  0.71,  and  0.78 
%ID/g  at  10,  30,  and  60  min  after  injection,  respectively. 
Liver  had  low  uptake  at  all  time  points  (1.35,  3.29,  and  1.75 
%ID/g  at  5,  25,  and  60  min  after  injection,  respectively). 
The  activity  accumulation  in  the  kidneys  was  also  low  at 
early  time  points  (4.77  %ID/g  at  5  min  after  injection)  but 
increased  to  11.19  %ID/g  at  45  min  after  injection  and 
remained  steady  over  the  remaining  dynamic  scan  period. 
Figure  4C  shows  the  transaxial  microPET  images  of  PC-3 
tumor-bearing  mice  at  1  h  after  administration  of  18F-FB- 
[Lys3]BBN,  with  and  without  coinjection  of  10  mg/kg 
[  Tyr4 1 B  B  N .  The  blocking  reduced  the  tumor  uptake  to 
0.58  %ID/g  at  1  h  after  injection,  4-  to  5-fold  lower  than 
that  of  the  control  animals. 

Metabolism  of  18F-FB-[Lys3]BBN 

The  metabolic  stability  of  18F-FB-[Lys3]BBN  was  deter¬ 
mined  in  mouse  blood,  urine,  liver,  kidney,  and  tumor  homog¬ 
enates  at  60  min  after  injection  The  extraction  efficiencies 
were  61.4%  for  the  blood,  95.0%  for  the  liver,  91.1%  for 
the  kidneys,  and  97.8%  for  the  PC-3  tumor,  respectively. 


Time  after  injection  (min) 


FIGURE  5.  Time-activity  curves  of  18F-FB-[Lys3]BBN  (A)  and 
18F-FB-Aca-BBN(7-14)  (B)  derived  from  60-min  dynamic  micro¬ 
PET  scans.  ROIs  are  shown  for  PC-3  tumor,  liver,  muscle,  and 
kidney. 


The  elution  efficiencies  of  the  soluble  fractions  were  44.4% 
for  the  blood,  39.8%  for  the  liver,  41.5%  for  the  kidneys, 
and  95.5%  for  the  PC-3  tumor.  F1PLC  analysis  results  of 
the  acetonitrile-eluted  fractions  are  shown  in  Figure  6.  The 
average  fraction  of  intact  tracer  was  between  0.7%  and 
47.2%  (Table  1).  Incubation  of  18F-FB-[Lys3]BBN  directly 
with  tissue  and  organ  homogenates  revealed  that  the  extrac¬ 
tion  efficiency  was  >90%  in  all  cases,  except  for  the  liver, 
for  which  the  extraction  efficiency  was  only  67.7%.  The 
elution  efficiency  was  also  >90%  for  all  samples  tested. 
Although  we  did  not  identify  the  composition  of  the  metab¬ 
olites,  we  found  that  all  metabolites  came  off  the  HPLC 
column  earlier  than  those  for  the  parent  compound.  No 
defluoridation  of  18F-FB-[Lys3]BBN  was  observed  as  no  visi¬ 
ble  bone  uptake  was  observed  in  any  of  the  microPET  scans. 

PET  and  CT  Imaging  of  Orthotopic  PC-3  Tumor  Model 

We  also  evaluated  18F-FB-[Lys3]BBN  in  orthotopic  PC-3 
tumor-bearing  mice.  The  representative  microPET  images 
shown  in  Figure  7 A  were  at  17  min  after  injection  The 
orthotopic  tumor  uptake  was  calculated  to  be  2.07  %lD/g 
from  microPET  imaging,  which  is  somewhat  lower  than 
that  of  subcutaneous  PC-3  tumor  (3.74  %ID/g  at  17  min 
after  injection).  Dynamic  scans  indicated  that  the  tumor 
was  clearly  visualized  between  10  and  30  min,  after  which 
a  significant  amount  of  urinary  bladder  activity  interferes 
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FIGURE  6.  HPLC  profiles  of  soluble  fractions  of  blood,  urine, 
liver,  kidney,  and  tumor  homogenates  collected  at  1  h  after 
injection  of  18F-FB-[Lys3]BBN  to  a  male  athymic  PC-3  tumor¬ 
bearing  nude  mouse.  As  a  comparison,  the  HPLC  profile  of 
intact  tracer  (Standard)  is  also  shown. 

with  the  tumor  delineation.  The  presence  of  the  well- 
established  tumor  grown  in  the  prostate  gland  was  con¬ 
firmed  by  microCT  without  a  contrast  agent  (Fig.  7A).  Good 
visual  agreement  after  registration  was  obtained  in  all 


sagittal,  coronal,  and  transaxial  images  (Fig.  7A).  The  reg¬ 
istration  is  focused  on  the  tumor  region  and  did  not  use 
markers  that  can  be  shifted  or  displaced.  The  whole  reg¬ 
istration  procedure  took  <15  min  on  a  standard  personal 
computer,  as  the  narrow-band  approach  used  is  a  compact 
representation  of  a  structure  where  only  pixels  close  to  the 
structure  boundaries  are  considered  {30).  Both  subcutane¬ 
ous  and  orthotopic  PC-3  tumor  tissues  were  also  resected 
for  histology  to  verify  the  characterization  of  tumors  ex 
vivo.  The  hematoxylin-eosin  staining  results  (Fig.  7B)  of 
both  PC-3  tumors  showed  similar  morphology  characteris¬ 
tic  of  cancer  cells. 

DISCUSSION 

There  has  been  an  exponential  growth  in  the  development 
of  radiolabeled  peptides  for  diagnostic  and  therapeutic 
applications  in  the  last  decade.  Peptidic  radiopharmaceuti¬ 
cals  have  many  favorable  properties,  including  fast  clear¬ 
ance,  rapid  tissue  penetration,  and  low  antigenecity,  and  can 
be  produced  easily  and  inexpensively  {31).  However,  there 
may  be  problems  with  the  in  vivo  catabolism,  unwanted 
physiologic  effects,  and  chelate  attachment.  Most  studies 
have  been  focused  on  radiometal  labeling  of  peptides  for 
SPECT  imaging  of  receptors  that  are  overexpressed  on  the 
diseased  cells  {32-34).  More  recently,  peptides  have  been 
conjugated  to  macrocyclic  chelators  for  labeling  of  64Cu, 
86Y,  and  68Ga  for  PET  applications  {17,20,35,36).  Because 
of  the  overexpression  of  GRPR  in  a  variety  of  cancers, 
bombesin  analogs — derived  either  from  the  full  tetradeca- 
peptide  sequence  or  from  a  truncated  C-terminal  portion  of 
the  peptide — have  been  labeled  with  various  radiometals 


TABLE  1 

Extraction  Efficiency  and  Elution  Efficiency  Data  and  HPLC  Analysis  of  Soluble  Fraction  of  Tissue  Samples 

at  60  Minutes  After  Injection 


Fraction 

Extraction  efficiency*  (%) 

Blood 

Urine 

Liver 

Kidney 

PC-3 

Unsoluble  fraction* 

38.6  (2.0) 

ND 

5.0  (32.3) 

8.9  (6.8) 

2.2  (0.3) 

Soluble  fraction* 

61.4  (98.0) 

ND 

95.0  (67.7) 

91.1  (93.2) 

97.8  (99.7) 

Elution  efficiency  (%) 

Nonretained  fraction8 

52.5  (7.9) 

ND 

55.3  (2.4) 

57.1  (1.4) 

2.9  (1.7) 

Wash  waterll 

3.2  (1.8) 

ND 

4.9  (1.8) 

1 .4  (1 .3) 

1.7  (0.6) 

Acetonitrile  eluentH 

44.4  (90.3) 

ND 

39.8  (95.8) 

41.5  (97.3) 

95.5  (97.7) 

HPLC  analysis  (%) 

Intact  tracer 

19.7 

0.7 

8.4 

3.2 

47.2 

'Results  in  parentheses  are  from  direct  mixing  of  18F-FB-[Lys3]BBN  with  tissue  homogenates. 

*  Amount  of  activity  retained  in  pellets. 

*  Amount  of  activity  that  was  extracted  to  PBS  solution. 

§Amount  of  activity  that  could  not  be  trapped  onto  Ci8  cartridge. 

^Amount  of  activity  that  was  eluted  from  C18  cartridge  using  2  mL  of  water. 

^Amount  of  activity  that  was  eluted  from  C18  cartridge  using  2  mL  of  acetonitrile  with  0.1%  TFA. 
ND  =  not  determined. 
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MicroCT  MicroPET  MicroPET/MicroCT 


B 


Subcutaneous  Orthotopic 

FIGURE  7.  (A)  microPET  and  microCT  visualization  of  ortho¬ 
topic  PC-3  tumor.  Representative  transverse,  coronal,  and 
sagittal  images  that  contain  the  tumor  at  17  min  after  injection 
of  3.7  MBq  of  18F-FB-[Lys3]BBN  are  shown.  The  tumor  grown  in 
mouse  prostate  gland  is  confirmed  by  microCT  scan  without 
contrast  agent.  Coregistration  of  microPET  (slice  thickness,  1 .2 
mm)  and  microCT  (slice  thickness,  80  |j,m)  is  accomplished  by 
using  a  narrow-band  approach  without  the  need  for  fiducial 
markers.  (B)  Flematoxylin-eosin  staining  (x400)  of  subcutane¬ 
ous  (left)  and  orthotopic  (right)  PC-3  tumor  tissues. 

for  both  PET  (64Cu  and  68Ga)  and  SPECT  (99mTc  and  1 1  'In) 
imaging  applications  ( 14,15,17,18,20,37 ).  18F  is  an  ideal 
short-lived  PET  isotope  for  labeling  small  molecular 
recognition  units,  such  as  biologically  active  peptides, 
and  it  is  easily  produced  in  the  small  biomedical  cyclotrons. 
Most  peptides  have  the  N-terminal  primary  amine  group 
and  one  or  more  lysine  s-amino  residues  that  can  be  labeled 


with  18F  through  an  amine-reactive  prosthetic  labeling 
group  such  as  18F-SFB  (22).  Thus,  we  decided  to  label 
both  peptides  ([Lys3]BBN  and  Aca-BBN(7-14))  with  18F 
for  in  vitro  and  in  vivo  characterizations. 

Our  cell-binding  assay  experiment  demonstrated  that  the 
truncated  peptide  sequence  Aca-BBN(7-14)  had  significantly 
lower  receptor-binding  affinity  than  that  of  [Lys3]BBN. 
18F-labeled  Aca-BBN(7-14)  was  also  less  potent  than  the 
corresponding  bombesin  peptide  analogs.  Both  tracers  are 
metabolically  unstable  after  intravenous  administration. 
Multiple  metabolites  were  found  but  not  characterized  here. 
Identification  of  the  composition  of  the  degradation  products 
may  be  important  to  identify  the  cleavage  sites  to  design  and 
characterize  peptides  of  enhanced  metabolic  stability. 

The  internalization  and  efflux  patterns  of  18F-FB-[Lys3] 
BBN  and  18F-FB-Aca-BBN(7-14)  are  of  note.  18F-FB- 
[Lys3]BBN  with  higher  receptor  affinity  than  18F-FB-Aca- 
BBN(7-14)  showed  significantly  higher  cellular  uptake. 
Both  tracers,  however,  had  a  rapid  washout  after  reaching  a 
maximum  at  15  min  of  incubation  with  PC-3  cells  (Fig. 
2A),  which  is  similar  to  125I-[Tyr4]BBN  but  very  different 
from  radiometal-labeled  BBNs.  The  prolonged  retention  of 
99mTc-,  11 'In-,  or  64Cu-labeled  BBNs  is  most  likely  due  to 
the  lack  of  cell  permeability  of  the  hydrophilic  macrocyclic 
conjugate  (14,15,17).  In  the  case  of  18F-labeled  bombesin 
analogs,  after  GRPR-mediated  internalization,  both  the  intact 
tracer  and  the  metabolized  peptide  fractions  that  are  radio¬ 
active  remain  to  be  lipophilic  and,  thus,  more  amenable  to 
penetration  in  and  out  of  the  cells.  It  is,  thus,  not  surprising 
to  observe  rapid  externalization  of  both  18F-FB-[Lys3]BBN 
and  18F-FB-Aca-BBN(7-14),  with  the  less-potent  18F-FB-Aca- 
BBN(7-14)  effluxed  even  more  rapidly  than  18F-FB- 
[Lys3]BBN  (Fig.  2B).  Such  in  vitro  characters  of  18F-labeled 
bombesin  analogs  tally  with  the  relatively  short  half-life  of  18F. 

18F-FB-[Lys3]BBN  with  higher  receptor  affinity  and  pro¬ 
longed  cell  retention  than  18F-FB-Aca-BBN(7-14)  also  exhib¬ 
ited  superior  tumor-targeting  efficacy  and  pharmacokinetics 
in  vivo.  Although  18F-FB-Aca-BBN(7-14)  showed  some 
contrast  at  early  time  points,  the  activity  accumulation  in 
the  tumor  was  quickly  washed  out.  Because  of  the  lipophilic 
character  of  1SF-FB-Aca-BBN(7-14),  it  exhibited  both 
hepatobiliary  and  renal  clearance  routes  as  evidenced  by 
very  strong  signal  in  the  liver,  gallbladder,  and  lower  abdo¬ 
men,  eliminating  the  potential  of  this  compound  for  detecting 
the  orthotopic  prostate  cancer  that  is  located  very  close  to  the 
urinary  bladder.  A  strong  tumor-to-background  contrast  was 
observed  for  18F-FB-[Lys3]BBN  in  PC-3  tumor,  although  the 
magnitude  of  tracer  uptake  is  significantly  lower  than  that 
obtained  from  biodistribution  studies.  A  similar  phenomenon 
has  been  observed  for  64Cu-DOTA-[Lys3]BBN  (19).  We  rea¬ 
son  that  the  amount  of  tracer  administered  for  PET  is  about  an 
order  of  magnitude  higher  than  that  for  biodistribution,  which 
may  have  caused  partial  self-inhibition  of  receptor-specific 
uptake  in  PC-3  tumor.  We  also  noticed  that  nonradioactive 
BBN  is  able  to  effectively  inhibit  the  tumor  uptake  of  18F-FB- 
[Lys3]BBN  despite  of  the  relatively  low  metabolic  stability  of 
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the  tracer.  The  substantial  blockade  of  tumor  uptake  by 
unlabeled  BBN  suggests  that  some  of  the  degraded  radioac¬ 
tive  components  accumulated  in  the  tumor  may  also  have 
affinity  for  GRP  receptor,  which  can  be  replaced  by  BBN. 

microPET/microCT  coregistration  using  18F-FB- 
[Lys3]BBN  is  a  powerful  tool  for  orthotopic  prostate  cancer 
imaging.  The  high-resolution  microCT  scan  provides  good 
contrast  for  PC-3  tumor  without  the  need  of  contrast¬ 
enhancing  media,  whereas  microPET  imaging  with  18F- 
FB-[Fys3]BBN  offers  the  GRPR  expression  level  of  the 
tumor.  In  general,  image  registration  can  be  formulated  as 
an  optimization  problem  where  the  variables  are  a  group  of 
transformation  parameters  that  lead  to  the  best  match 
between  the  input  images.  The  match  is  quantified  in 
mathematic  terms  by  the  use  of  a  metric,  which  ranks  a 
potential  matching  based  on  the  image  histograms,  resolu¬ 
tion,  or  pixel  values  of  the  involved  organs.  Usage  of  MI 
has  been  widely  adopted  when  dealing  with  multimodality 
image  registration  (38).  However,  MI  cannot  be  applied 
directly  to  PET/CT  registration  for  soft  tissue  because 
the  wide  pixel  intensities  within  an  organ  as  imaged  in 
the  PET  images  produce  multiple  correspondences  with  the 
CT  images  that  act  as  noise  to  the  registration  algorithm, 
hindering  its  convergence  (39).  Therefore,  only  marker- 
based  techniques  have  been  reported  for  PET/CT  registra¬ 
tion  of  mice  studies  (40).  The  narrow-band  approach  used 
in  this  study  was  originally  devised  for  magnetic  resonance 
spectroscopic  imaging  (MRSI)/CT  registration,  where  a 
similar  noncorrelation  of  pixel  intensities  was  observed 
(30).  Previous  studies  have  suggested  that  this  2-step  image 
registration  technique  improves  the  convergence  behavior 
of  the  calculation  and  reduces  the  computational  efforts 
because  sophisticated  statistical  considerations  can  be 
replaced  with  simpler  pixel-based  metrics  computed  only 
in  the  regions  of  clinical  interest. 

CONCLUSION 

This  study  demonstrated  the  successful  coupling  of 
[Lys3]BBN  and  Aca-BBN(7-14)  with  positron-emitting 
radionuclide  18F  through  the  prosthetic  labeling  group 
18F-SFB.  The  bombesin  analog  with  the  full  tetradecapep- 
tide  sequence  (18F-FB-[Lys3]BBN)  is  superior  to  that  with  a 
truncated  C-terminal  sequence  (18F-FB-Aca-BBN(7-14)) 
in  terms  of  GRPR  avidity,  receptor-mediated  internalization 
rate,  intracellular  retention,  tumor-targeting  efficacy,  and 
in  vivo  pharmacokinetics.  Although  18F-FB-[Lys3]BBN  is 
relatively  metabolically  unstable,  dynamic  PET  scans  dem¬ 
onstrated  the  ability  of  this  tracer  to  visualize  both  subcutane¬ 
ous  and  orthotopic  PC-3  tumor  in  murine  xenograft  models. 
Furthermore,  18F-FB-[Lys3]BBN  may  also  be  used  for  local¬ 
ization  of  other  tumors  that  are  GRPR  positive. 
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